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ANNEALER PROTEIN RNA chaperone! thou must untangle this, not I; 
It is too hard a knot for me to untie! 
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Abstract 
 
As with all biological macromolecules, RNA molecules need to adopt distinct three-
dimensional structures in order to complete their tasks inside the cell. Nevertheless, 
structural flexibility is a necessity for many RNAs that exist in more than one functional 
conformation and that need to adapt to environmental stimuli. Furthermore, structural 
reorganization of misfolded intermediates contributes to the economical usage of already 
synthesized nucleic acids. Folding as well as destabilization of RNA secondary and tertiary 
structures is facilitated through different external factors such as ions, small positively 
charged molecules and specifically or nonspecifically binding proteins. Here, the 
molecular mechanisms of both activities are studied at high resolution using the 
nonspecifically binding peptide models HIV-1 Tat(44-61) and E. coli CTD-StpA. The 
Tat(44-61) peptide accelerates annealing of complementary RNA molecules through the 
conversion of the RNA single-strand into an annealing-competent conformation. It 
furthermore shifts the thermodynamic equilibrium between RNA single- and double-
stranded forms towards the latter. Conversely, CTD-StpA destabilizes double-strands and 
thus enables strand exchange - a key process of RNA refolding. The source of energy for 
the energetically unfavorable RNA unfolding process is shown to be an entropy transfer as 
was proposed earlier. Interestingly, CTD-StpA also accelerates the RNA annealing 
reaction. An explanation reconciling these two seemingly opposing activities is introduced. 
Furthermore, the importance of the transient electrostatic nature of the interaction between 
the two peptides and their substrates is elaborated. A more general model for annealing 
acceleration and strand displacement is proposed. Finally, a potential biological role of the 
RNA structural remodeling activity of HIV-1 Tat is discussed. 
  V
Zusammenfassung (Abstract in German language) 
 
Wie alle anderen biologischen Makromoleküle nimmt RNS spezifische dreidimensionale 
Strukturen an, um seine Aufgaben innerhalb der Zelle zu erfüllen. Gleichwohl ist 
strukturelle Flexibilität unumgänglich für viele RNS-Moleküle, die in mehr als einer 
funktionellen Konformation vorliegen und sich an Umwelteinflüsse anpassen müssen. 
Desweiteren trägt die Umorganisation von falsch gefalteten Strukturen zur ökonomischen 
Nutzung von bereits synthetisierten Nukleinsäuren bei. Die Faltung genau wie die 
Destabilisierung von Sekundär- und Tertiärstrukturen der RNS wird von verschiedenen 
externen Faktoren wie Ionen, kleinen positiv geladenen Molekülen und spezifisch oder 
unspezifisch bindenden Proteinen unterstützt. In dieser Arbeit werden die molekularen 
Mechanismen beider Aktivitäten mithilfe der unspezifisch bindenden Peptide HIV-1 
Tat(44-61) und E. coli CTD-StpA detailliert untersucht. Das Tat(44-61)-Peptid 
beschleunigt das Basenpaaren von komplementären RNS-Molekülen durch eine 
Überführung des RNS-Einzelstranges in eine basenpaar-kompetente Konformation. 
Außerdem verschiebt es das thermodynamische Gleichgewicht zwischen einzel- und 
doppelsträngiger RNS in Richtung der doppelsträngigen Form. Im Gegensatz dazu 
destabilisiert CTD-StpA Doppelstränge, wodurch es Strangaustausch, einen 
Schlüsselprozess von RNS-Umfaltung, ermöglicht. Es wird gezeigt, dass die Energiequelle 
für den energetisch unvorteilhaften Entfaltungsprozess ein schon früher postulierter 
Entropie-Transfer ist. Interessanterweise beschleunigt CTD-StpA ebenfalls das 
Basenpaaren von RNS-Molekülen. Eine Erklärung für die Vereinbarkeit dieser scheinbar 
gegensätzlichen Aktivitäten wird vorgestellt. Außerdem wird die Wichtigkeit der 
elektrostatischen und transienten Natur der Interaktionen der Peptide mit ihren Substraten 
herausgearbeitet. Ein generelles Model für die Beschleunigung des Basenpaarens und 
Strangaustausch wird vorgeschlagen. Als Abschluss wird eine mögliche biologische Rolle 
der RNS-Remodellierungsaktivität des HIV-1 Tat Proteins diskutiert. 
  VI 
Abbreviations 
 
AFM  atomic force microscopy 
bp  base pair 
CBP2 protein product of the second intron of the mitochondrial cytochrome b pre-
mRNA 
CD  circular dichroism 
Cdk9  Cyclin-dependent kinase 9 
CycT1  Cyclin T1 
Cyt-18  mitochondrial tyrosyl-tRNA synthase 
Cy3, Cy5 Cyanine fluorescent dyes 
CTD-StpA C-terminal domain of E. coli protein StpA 
DMS  dimethyl sulfate 
DNA  deoxyribonucleic acid 
eIF2  eukaryotic initiation factor 2 
FFS  fluorescent fluctuation spectroscopy 
FRET  Förster resonance energy transfer 
GTP  guanosine triphosphate 
HDV  hepatitis delta virus 
HEXIM hexamethylene bis-acetamide inducible protein 
hTR  human telomerase RNA 
MD  molecular dynamics 
NC/Ncp7 nucleocapsid protein 
NMR  nuclear magnetic resonance 
nt  nucleotide 
PAGE  Polyacrylamide gel electrophoresis 
PBS  primer binding site 
PDB  protein database (http://www.rcsb.org/pdb/) 
PKR  RNA-dependent protein kinase 
P-TEFb positive transcription elongation factor b 
RC  RNA chaperone 
  VII
RNA  ribonucleic acid 
RNase P ribonuclease P 
tRNA  transfer RNA 
trSAXS time-resolved small angle X-ray scattering 
scr1-3  scrambled peptides 1 to 3 
SHAPE Selective 2′-hydroxyl acylation and primer extension 
StpA  E. coli protein ‘suppressor of the td- phenotype’ 
TAR  trans-activation responsive region 
Tat  Trans-activator of transcription from HIV-1 
TGGE  temperature gradient gel electrophoresis 
UV  ultraviolet 
WT  wildtype 
1D  one-dimensional 
3D  three-dimensional 
1M7  1-methyl-7-nitroisatoic anhydride 




a  activity (effective concentration) [M] 
A260 nm  absorption at 260 nm [-] 
Bds  ligand binding sites per base pair [-] 
Bss  ligand binding sites per nucleotide [-] 
B1(T), B2(T) auxiliary baselines used in UV melting analysis [-] 
c  concentration [mol] 
E  FRET efficiency [-] 
h  Hill factor [-] 
i  control variable [-] 
K  constant describing a reaction equilibrium or a melting transition 
k1, k2  reaction constants 
KD  dissociation constant [M] 
Kds  affinity constant of a double-stranded nucleic acid [M-1] 
  VIII 
Kss  affinity constant of a single-stranded nucleic acid [M-1] 
l  path length [cm] 
M(T)  auxiliary line used to determine the Tm in UV melting analysis [-] 
n  sample size [-] 
P0  total peptide concentration [mol] 
r  distance between two fluorophores [Å] 
R  universal gas constant (R = 8.31447 J/(K·mol)) 
r0  Förster radius [Å] 
R0  RNA concentration [mol] 
t  time [s] 
T  temperature [K] or [°C] 
Tm  melting temperature [K] or [°C] 
V  volume describing the signal intensity of a stained band on PAGE [-] 
α  fraction of single-stranded RNA during a UV melting transition [-] 
∆G  Gibbs free energy [kJ/mol] 
∆H  free enthalpy [kJ/mol] 
∆S  entropy [J/(mol·K)] 
ε  extinction coefficient [M-1·cm-1] 






Interest in RNA structure and its connection to function first arose with the discovery 
of tRNAs in the 1960s and was revived in the 1980s when RNA molecules with catalytic 
activity were found (Guerrier-Takada et al., 1983; Kruger et al., 1982). We know now that 
RNA is an integral part not only of the basic protein production machinery, but also of the 
regulatory and catalytic processes within the cell. A correct RNA folding procedure is 
therefore essential for a cell’s viability. Far from being rigid, it has become apparent that 
RNA molecules sample a wider conformational space than was previously assumed. The 
reasons for this are Brownian motion and the structural responses to ligand binding. The 
RNA folding process involves an ensemble of molecules that follow different folding 
pathways, with certain non-functional structures forming stable interactions that have 
unfolding rate constants outside the biologically relevant range. The existence of RNA 
chaperones that (analogous to protein chaperones) dissolve misfolded molecules to provide 
an opportunity for refolding of the functional structure was postulated (Herschlag, 1995). 
To date, many RNA chaperones and annealing accelerating proteins have been found and 
characterized. The mechanisms for protein-supported RNA folding, however, are still not 
completely understood. 
This chapter gives an overview of RNA structure, up to date knowledge about RNA 
folding mechanisms and the variety of methods that are utilized to study both structure and 
structure formation. Protein and non-protein factors that influence and aid RNA folding are 
summarized as well as the basic concepts that explain how these factors function. 
Function, structure and known mechanical details about the two model peptides Tat and 
StpA which are the subject of this work are introduced. 
 
1.1. An overview of RNA structure 
 
To understand RNA folding, a basic knowledge about RNA structure as well as its 
implications for the molecule’s function are essential. Therefore, the main concepts of 
RNA architecture are summarized shortly. For more detailed information the reader is 
referred to a number of exhaustive reviews on this topic (Batey et al., 1999; Brion and 
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Westhof, 1997; Holbrook, 2005; Leontis et al., 2006; Leontis and Westhof, 2001). To 
elaborate the structural basics, specific examples of different-sized non-coding RNA 
molecules that are also used in some experiments of this study (the HIV-1 TAR RNA and 
the Tetrahymena group I intron) are presented. 
 
Due to its high backbone flexibility, RNA can form complex three-dimensional 
structures and the inventory of the variety of possible RNA folds is believed to be far from 
being complete (Holbrook, 2005). As with proteins, RNA molecules are organized in a 
hierarchical fashion - they can be broken up into primary, secondary and tertiary structure 
(Batey et al., 1999). Primary structure describes the linear arrangement of ribonucleotides 
in the macromolecule following transcription from a DNA template and subsequent 
processing. The building blocks are ribonucleotides with the bases adenine (A), guanine 
(G), cytosine (C) and uracil (U) (figure 1.1.1), although frequently other bases such as 
pseudouracil and inosine are introduced post-transcriptionally (Limbach et al., 1994). 
Through the formation of Watson-Crick base pairs between adenine and uracil (two 
hydrogen bonds) or guanine and cytosine (three hydrogen bonds), the primary sequence 
generates the next organizational level. The resulting secondary structural elements are 
helices, single-stranded regions, loops, bulges and junctions (figures 1.1.2 and 1.1.3 A). 
While Watson-Crick base pairs are, besides the face-to-face base stacking, the 
energetically most favorable base-base interactions (Batey et al., 1999; Turner et al., 1988), 
ribonucleotides are prone to engage in many other interactions. Those non-Watson Crick 
base pairs are called tertiary interactions and govern the formation of the overall RNA 
architecture largely (Batey et al., 1999). Leontis and Westhof (2001) classified the 
potential interaction sites of nucleotides into Watson-Crick, Hoogsteen (or ‘CH’ for 
pyrimidine bases) and sugar-edge (figure 1.1.1), and derived a total of twelve main 
theoretical base-base interactions which have all since been found in crystal or NMR 
structures (Sharma et al., 2010). Moreover, nucleotides interacting with backbone 
phosphates have been found (Varani et al., 1991). The variety of nucleotide-nucleotide 
interactions is the foundation for the formation of three-dimensional motifs, defined 
topological arrangements of secondary structures which were found to reoccur in RNA 
structures of different origin (Brion and Westhof, 1997; Holbrook, 2005; Leontis et al., 
2006). Thus, RNA structures can be viewed as being constructed of a (potentially vast) set 
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of building blocks. Another level of organization, partly comparable to tertiary protein-
protein interactions, is the formation of domains from secondary and tertiary structures. 
The definition of domains within an RNA primary sequence stems from their largely 
independent folding behavior (Batey et al., 1999). 
 
 
Figure 1.1.1: The four main nucleotides used as RNA building blocks. Within the RNA chain 
each nucleotide consists of a ribose covalently linked to a phosphate group and one of the four 
bases adenine, guanine, cytosine and uracil via a glycosidic bond. The three different interaction 
sites according to Leontis and Westhof (2001) are indicated with red, blue and green colors. All 
hydrogen atoms have the ability to participate in hydrogen bonds, although the frequency and 
strength of bonding depends on the proximity to an electronegative atom (Mládek et al., 2009; 
Sharma et al., 2010). Besides base-base interactions, base-sugar and base-phosphate interactions 
are possible. 
 
An example of a rather simple RNA structure is the HIV-1 TAR RNA which is an 
important element of transcription of the viral genome (see chapter 1.5.1). The 
conformation of its upper (the protein-interacting) segment has been extensively studied in 
the absence and presence of peptide and non-peptide ligands using NMR techniques 
(Aboul-ela et al., 1995; Aboul-ela et al., 1996; Davidson et al., 2011; Faber et al., 2000; 
Fulle et al., 2010; Long and Crothers, 1999; Lu et al., 2011b; Puglisi et al., 1993; Puglisi et 
al., 1992). The main base pair interactions as well as an averaged 3D-structure as 
determined by Aboul-ela et al. (1996) are shown in figure 1.1.2. The RNA fragment 
consists of two helical regions that contain Watson-Crick base pairs and adopt a right-
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handed A-form conformation which is typical for RNA helices. The basic characteristics of 
an A-form helix are (in contrast to the B-form of DNA) the compaction of 11 base pairs 
into one helix turn, the tilt angle of the planar bases relative to the helix axis, the C3’ endo 
sugar puckering mode and the deep major and shallow minor groove (Saenger, 1984). The 
rather rigid helix structures are connected by a flexible bulge, comprising the nucleotides 
U23, C24 and U25, which introduces a kink in the helix and thus widens the major groove 
which is important for base accessibility during Tat binding. While the bases of U23 and 
C24 are stacked consecutively on A22, U25 seems to not commit to any base-base or other 
interactions. The interaction between A22 and U40 is not strictly Watson-Crick in the 
sense that hydrogen bonds are not always or not completely formed between the bases 
which adds more flexibility to the bulge region. The hexaloop comprising nucleotides C30 
to A35 is not as well described as the rest of the molecule. Judging from NMR spectral 
data, it is very flexible and does not form stable interactions with other bases. Structural 
flexibility comprising twists of the helices around their axes and bending relative to each 
other results in sampling of various conformations that are frozen out upon ligand binding 




Figure 1.1.2.: The structure of the HIV-1 TAR RNA (nucleotides 17 to 45). (A) Scheme of 
base-base interactions. Single and double lines indicate A-U and G-C base pairs, respectively. The 
dashed line between A22 and U40 indicates a certain flexibility of hydrogen bonding. (B) View of 
the shortened TAR structure as determined by Aboul-ela et al. (1996) (PDB ID: 1ANR). For better 
visibility, hydrogen atoms are not shown and an orange ribbon is drawn through the backbone 
phosphor atoms; C-green, O-red, P-orange, N-blue. 
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Group I introns are examples of more complex RNA structures that are organized into 
several largely independently folding domains (for reviews see Stahley and Strobel, 2006; 
Vicens and Cech, 2006; Woodson, 2005b); they have contributed greatly to the current 
understanding of RNA structure and folding. Initiated by a GTP cofactor, the catalytical 
RNAs (ribozymes) facilitate splicing of their own internal intron and covalently link the 
two exon sequences.  
 
 
Figure 1.1.3: The phage Twort ribozyme as an example of a group I intron (Golden et al., 
2005). (A) Overview over all helices, loops, junctions (a few examples are highlighted with dashed 
blue boxes) and bulges as well as a few important tertiary interactions. Adapted by permission from 
Macmillan Publishers Ltd: Nature Publishing group, Golden et al. (2005), Copyright 2005. (B) Schematic 
depiction of the domain packing. Domains are color-coded as in (A). (C) Interactions between 
nucleotides that are part of the GTP binding site (PDB ID 1Y0Q). C192 and G122 are involved in 
Watson-Crick base pairs and interact additionally with ωG (the 3’terminal guanosine) to form a 
base triple. A119 stabilizes the ribose conformation of ωG through sugar-edge/sugar-edge 
interactions. 
 
Introns of different origin have been studied with crystallography methods (Adams et al., 
2004; Battle and Doudna, 2002; Cate et al., 1996; Golden et al., 1998; Golden et al., 2005; 
Guo et al., 2004; Juneau et al., 2001; Stahley and Strobel, 2005). Despite a low overall 
primary sequence conservation, they all form a specific catalytic core structure which is 
Introduction 
6 
stabilized through tertiary interactions with more variable peripheral elements (Vicens and 
Cech, 2006). The core is generally constituted of the domains P4-P6 (helices P4, P5 and 
P6), P3-P9 (helices P3, P7, P8 and P9) and P1-P2 (helices P1 and P2) with P1-P2 lying 
parallel to P3, P7 and P8 and perpendicular to P4-P6 as shown for example for the phage 
Twort ribozyme (figure 1.1.3) (Golden et al., 2005). Examples for tertiary interactions are 
found in nucleotides lying within the GTP binding site: A Watson-Crick G-C base pair 
involves additional interactions with the ωG, the 3’ terminal guanosine that occupies the 
GTP binding pocket at certain steps during splicing, and thus contributes to the formation 
of a base triple (figure 1.1.3C). Hydrogen bonds between the ribose 2’OH of an adenosine 
and ωG stabilize the backbone conformation of the same guanosine. 
 
1.2. Methods that probe RNA folding 
 
A plethora of methods for the study of RNA folding has been developed, many of 
which are derived from technologies originally used for studying RNA structure. The 
addition of a time-resolving component was made possible through improved signal 
intensity, rapid sample mixing and quenching devices, or real-time observation. The 
techniques exploit specific physical properties of RNA molecules; they have different 
demands for technical equipment, human expertise, sample quantity and purity and yield 
molecular to atomic resolution. Therefore, two or more methods are generally used on the 
same object to obtain results complementing each other. To understand folding study 
results, a basic knowledge of the techniques used to obtain these results as well as each 
method’s strengths and limitations is necessary. Thus, this chapter gives an overview of the 
techniques that are available for the study of RNA folding with the focus being on the ones 
used in this work. 
 
1.2.1. Gel electrophoresis 
 
A technique of wide accessibility due to low demands of equipment is polyacrylamide 
gel electrophoresis (PAGE, reviewed in the context of RNA structure and folding by 
Woodson and Koculi, 2009). This technique utilizes the differential migration behavior of 
Introduction 
7 
macromolecules within a polyacrylamide matrix when subjected to an electric field 
depending on their overall charge, size, shape and dynamics and has thus the ability to 
separate different RNA conformations from each other (for mathematical descriptions see 
Lumpkin, 1982; Ogston, 1958; Sartori et al., 2003; Zimm and Levene, 1992). Besides 
analyzing and quantifying equilibria of conformational ensembles, gel electrophoresis can 
also be used to analyze folding kinetics. After starting a reaction, for example through the 
addition of Mg2+ ions (Heilman-Miller et al., 2001b; Mortimer and Weeks, 2009; Treiber 
and Williamson, 2000) or a complementary oligonucleotide (Zhang et al., 1995), samples 
are taken after different time points and directly applied to a running gel in order to stop 
the reaction. Upon completion of the gel run, the bands are analyzed to yield several time 
points of the folding reaction (figure 1.2.1).  
 
 
Figure 1.2.1: Scheme of an annealing reaction resolved by native gel electrophoresis. The 
reaction is started by mixing two complementary RNA strands. Aliquots are taken at different time 
points and applied to a gel. Single-stranded and double-stranded species are dissolved, stained for 
example by ethidium bromide, and quantified. 
 
The necessity for sample mixing and loading means that the time resolution is restricted by 
the speed with which the aforementioned processes can be carried out. Manual sample 
withdrawal results in time intervals of between 10 and 30 seconds and thus restricts the 
technique’s applicability to relatively slow folding reactions. Modern instrumentation 
however, such as used with the chemical quench-flow method, allows for rapid sample 
mixing and stopping so that time resolutions in the millisecond range can be reached (e.g. 
Tang et al., 2009). Besides the low time resolution, another disadvantage is the influence of 
the separation on the dynamics and equilibrium of the system. This renders the technique a 
pseudo-equilibrium method. Furthermore, conformations in systems with dynamics faster 
than the migration velocity cannot be resolved and instead run as one (sometimes fuzzy) 
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band with an average migration speed (Cann, 1996). When small amounts of material are 
to be used, radioactive or fluorescent labeling is necessary which might have an influence 
on folding behavior when positioned such that it interferes with important interactions. 
Staining of the nucleic acids with common methods such as methylene blue, silver 
staining, ethidium bromide or more recent substances (e.g. SYBR Green) requires higher 
RNA concentrations that are, however, still below the amounts of material needed for other 
methods that probe for RNA folding such as NMR and spectroscopy techniques. 
Instead of analyzing complete RNA structures with PAGE, molecules can be directly 
or indirectly broken up into smaller parts before the gel run with chemical or enzymatic 
methods. Stochastic enzyme- or chemical-induced cleavage or nucleotide modifications 
probe for RNA surface accessibility and thus deliver valuable information about local 
structure at the equilibrium or in a time-resolved manner (Ralston et al., 2000). Popular 
chemicals targeting different functional groups of the nucleotide are for example DMS 
(Tijerina et al., 2007), X-ray or chemically generated hydroxyl radicals (Ralston et al., 
2000; Woodson, 2000b) or 1M7 (SHAPE technique, Mortimer and Weeks, 2009). 
Enzymatic probing has been carried out with different RNases and nucleases with varying 
specificity for bases and single- or double-stranded regions with and without the prior 
annealing of specific DNA oligonucleotides to test the availability of certain RNA 
stretches for base pairing (Ehresmann et al., 1987; Treiber and Williamson, 2000). 
Analysis of the fragmented or modified molecules is facilitated through end-labelling of 
the RNA or by primer extension (Ehresmann et al., 1987), followed by PAGE which yields 
band patterns characteristic for the RNA fold. Probing of RNA structure and folding with 
chemical methods has also been carried out in vivo (Liebeg et al., 2010; Mitchell et al., 
1990; Stiege et al., 1986). 
While one-dimensional non-gradient gel electrophoresis is widely applied, other, 
related and powerful methods are more occasionally used. In temperature-gradient gel 
electrophoresis (TGGE) a temperature gradient is established over the polyacrylamide gel 
running either perpendicular or parallel to the electric field (Riesner et al., 1989). This 
allows for the separation of molecules according to their thermal stability in addition to the 
above mentioned parameters. Two-dimensional gel electrophoresis coupling a native gel 
with a denaturing separation has also been used in order to study fingerprints of complex 
RNA mixtures (de Wachter and Fiers, 1972), RNA secondary structure (Zwieb, 1985) and 
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biological activity of certain species in an RNA conformational ensemble (Emerick and 
Woodson, 1994). 
 
1.2.2. Spectroscopic methods 
 
A variety of spectroscopic methods is available for the study of RNA structure and 
folding, making use of various physical interactions of nucleic acids with photons of 
different wavelengths.  
A widely used method to study melting transitions and thermodynamics of smaller 
RNAs is the temperature-induced and UV-detected melting of secondary and tertiary 
interactions, called UV melting (Draper and Gluick, 1995; Mergny and Lacroix, 2003). 
The technique is based on the hypochromicity of stacked bases, meaning the reduced 
absorbance of wavelengths around 260 nm by nucleic acids upon helix and tertiary 
interaction formation (figure 1.2.2.1) (Werner, 2005).  
 
 
Figure 1.2.2.1: Principle of UV melting of a double-stranded RNA. (A) The RNA’s absorption 
at 260 nm increases upon heating, indicating disruption of Watson-Crick base pairs and base 
stacking interactions. The melting point Tm states at which temperature 50% of the nucleic acids 
are single-stranded. The addition of a ligand might change the overall melting behaviour of the 
nucleic acid (in this example two melting transitions are visible) as well as the Tm. (B) The two 
melting transitions are better resolved when looking at the first derivative of the temperature-
dependent fraction of the single-stranded form α. This depiction also gives information concerning 
the ligand binding strength and the size of the binding site of the ligand. 
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Thus, the overall degree of folding of a molecule depending on the temperature can be 
determined, but due to the breadth of the absorbance bands, an assignment of specific 
nucleotides or groups is not possible (Stancik and Brauns, 2008). For RNA molecules of 
up to 100 nucleotides that contain few distinct secondary structures such as tRNAfMet 
(Bina-Stein and Crothers, 1975) several melting transitions can be observed and analyzed. 
UV melting data of larger RNAs or ensembles of several different conformations are, 
however, not easily to interpret. Although equations for the calculation of free energy, 
enthalpy and entropy of the melting transition are available, the extrapolation of these data 
to temperatures distant from the melting temperature is not always possible (Mergny and 
Lacroix, 2003). However, qualitative information about the (de)stabilization effect of a 
binding ligand can be obtained so long as the ligand is stable throughout the heating cycle. 
Another technique that measures the absorption of photons with wavelengths in the UV 
spectral range is CD spectroscopy (Ranjbar and Gill, 2009; Sosnick et al., 2000). In 
contrast to UV melting, however, this method determines the difference in absorption of 
left- and right-handed circularly polarized light by a chiral substance. Intrinsic chirality of 
RNA is found in the riboses, purine bases, the glycosidic bonds between sugars and bases, 
and such bases that are involved in stacking interactions, with the main signal contribution 
stemming from the latter (Barron et al., 2000; Ranjbar and Gill, 2009). Similarly to UV 
melting, the overall conformation of the RNA depending on temperature, salt 
concentration, solvent or ligand is determined while no information of local structure can 
be derived. 
Raman spectroscopy is widely used for proteins, but only a few studies have been 
carried out on nucleic acids (Bell et al., 1997a; Bell et al., 1997b; Bell et al., 1998). Just as 
with CD spectroscopy, it relies on the differential interaction of chiral substances with left- 
and right-handed circularly polarized light (Barron et al., 2000). Instead of absorbance, 
however, it measures the difference in intensity of Raman-scattered light using 
wavelengths between 650 and 1700 cm-1. The spectra contain information about global 
base stacking, orientation of sugar and bases towards each other, and backbone 
conformation. 
A slightly better structural resolution than with the above mentioned techniques can be 
obtained with infrared spectroscopy (Dyer and Brauns, 2009). Absorbance signals between 
1500 and 1800 cm-1 stem from C=C, C=O and C=N double bonds found in the bases of 
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RNA and are a measure for hydrogen bonding between the bases as well as base-stacking. 
Dynamic information is obtained with the laser-induced temperature jump method that 
disturbs the equilibrium of the system and subsequently measures the time needed for the 
return to the original state (relaxation kinetics). Stancik and Brauns (2008) utilized this 
technique to study the dynamics of a small tetraloop hairpin. Larger RNAs, however, can 
only be studied in a more qualitative way as was shown for tRNA (Brauns and Dyer, 
2005). 
 
Fluorescence is a physical phenomenon that has been applied frequently and in 
different experimental set-ups in order to study RNA conformation and dynamics (e.g. 
Bassi et al., 1999; Cosa et al., 2006; Kim et al., 2002; Menger et al., 1996; Zhuang et al., 
2000). Fluorophores absorb photons of specific (excitation) wavelengths and, shortly 
afterwards, emit photons of smaller energy which can be detected with a photomultiplier 
(figure 1.2.2.2 A) (Walter and Burke, 2000). The continuous signal allows for the time-
resolved recording of even fast RNA dynamics. Although less abundant bases such as the 
Wye base found in tRNAs are fluorescent, the main building blocks of RNA do not 
naturally fluoresce (Walter and Burke, 2000). Therefore, the introduction of a fluorescent 
base analog or the attachment of a fluororescent dye is necessary. The recent development 
of many new commercially available fluorophores with improved stability and changed 
excitation and emission spectra has opened new possibilities in the field of fluorescence-
based techniques. Very recently, RNA aptamers were developed that strongly enhance the 
fluorescence of a fluorophore upon binding, circumventing a labelling procedure (Paige et 
al., 2011). 
Restriction of the fluorophore’s flexibility, for example through covalent linkage to an 
RNA molecule or due to interaction with bases or ligands, results in a decrease of the 
fluorescent signal called quenching which is the basis for measurements of RNA 
dynamics. A special form of quenching is Förster (or in this case ‘fluorescence’) resonance 
energy transfer (FRET) which describes a transfer of energy from the excitation photon via 
the donor fluorescent molecule onto a second (acceptor) fluorophore that is in close 
proximity (1-10 nm, described by Forster (1948)). The result is the detection of an 
emission signal from the acceptor dye upon excitation of the donor dye (figure 1.2.2.2 B, 
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C). The extent of energy transfer, expressed as the FRET efficiency E, is strongly 













E  . 
The Förster radius r0 equals the distance at which E = 0.5 and is largely determined by the 
overlap of the donor emission spectrum with the acceptor excitation spectrum (Stryer and 
Haugland, 1967). Thus, FRET signals can be used to measure distances between two 
molecules or specific sites within the same molecule (Lilley and Wilson, 2000; Stryer and 
Haugland, 1967). For example, the kinetics of annealing of two complementary RNA 
strands (Rajkowitsch and Schroeder, 2007b) and the stability of duplex strands (Gelfand et 
al., 1999) have been probed in bulk FRET experiments. Modern stopped-flow apparatuses 
allow for the mixing of samples (such as complementary oligonucleotides or a ribozyme 
and Mg2+) within the millisecond range in order to start a folding reaction (e.g. Qin and 
Pyle, 1997). Dynamics within a system can also be measured with relaxation methods as 
was described for infrared spectroscopy and the fast measurement of a whole spectrum can 
contribute more valuable information than the recording of a single wavelength (Walter 
and Burke, 2000). 
The described bulk fluorescent measurements detect averaged signals from the 
population of fluorescent molecules within a sample. In more complex folding reactions, 
however, single steps cannot be sufficiently resolved due to a lack of molecule 
synchronization (Zhuang, 2005). In these situations, single-molecule FRET has proved 
helpful as it allows the recording of signals stemming from single, diffusion-restricted or 
surface-immobilized fluorescent molecules. A drawback of this set-up is the low signal 
intensity which restricts the measurable dynamics to the millisecond to second range.  
Another means to make use of fluorescence is to measure fluorescence anisotropy, 
which is based on the fact that the excitation of a fluorophore with polarized light results in 
a polarized emission (Walter and Burke, 2000). Movement of the fluorophore, such as 
rotation, changes the polarization plane of the emitted photon provided that the life time of 
the excited fluorophore state is in the same time frame as the movement. Anisotropy is 
calculated using two perpendicular planes for excitation and measuring the emission signal 
in each plane (Shi and Herschlag, 2009). As the dynamics of the fluorescent molecule are 
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restricted by neighbouring bases and by the interaction with ligands, anisotropy provides a 
direct measure of the dynamics within the RNA molecule. 
 
 
Figure 1.2.2.2: The principles of fluorescence and Förster energy resonance transfer (FRET). 
(A) Electrons of a specific energy level can be lifted to a higher energy level by an electromagnetic 
wave of wavelength λexc. The electron further undergoes a stepwise radiationless energy loss and 
finally emits a photon of the wavelength λem with λem ≥ λexc (Atkins, 1996). (B) The phenomenon of 
Förster (or as in this case fluorescence) resonance energy transfer between a donor and an acceptor 
dye is possible when the emission spectrum of the donor (orange) overlaps with the excitation 
spectrum of the acceptor dye (dark blue). The excitation spectrum of the donor dye is shown in 
pink, the emission spectrum of the donor dye is drawn in light blue. (C) The efficiency of the 
energy transfer E depends on the distance r between the two fluorophores with the Förster radius r0 
(Forster, 1948). When r is smaller than r0, a significant acceptor emission signal can be measured 
upon donor excitation. When r becomes greater than r0, E decreases significantly while donor 
emission increases. 
 
The various forms of fluorescent fluctuation spectroscopy (FFS) were originally used 
to determine translational and rotational diffusion constants of molecules in solution 
(Orden and Jung, 2008). They are based on statistical fluctuations of the fluorescence 
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signal of a molecule ensemble which are indicative of conformational changes. The time-
dependence of such fluctuations can be used to determine refolding mechanisms and 
kinetics of a system in equilibrium, as was shown for nucleic acids in a few pilot 
experiments (Kim et al., 2002; Lee et al., 2007; Melnykov and Hall, 2009; Werner et al., 
2011). 
 
Nuclear magnetic resonance (NMR) spectroscopy makes use of the magnetic properties 
of nuclei of certain elements and their interactions with electromagnetic fields (Hore, 
1995). As the absorption and emission of electromagnetic radiation (chemical shifts) by the 
nuclei are influenced strongly by their chemical environment, the technique can be used for 
structural determination of molecules. While NMR has been widely used for the study of 
proteins, its application to RNA molecules for structural and dynamics probing has only 
been developed within the last few years with frequently detected elements being 1H, 13C, 
15N, 19F and 31P (Furtig et al., 2010; Reid, 1981; Varani et al., 1991; Wenter et al., 2005; 
Zhang et al., 2007). Nowadays, reaction kinetics of about 10 s-1 can be probed targeting 
slow refolding events, but excluding the study of fast secondary or tertiary structure 
formation which are in the range of 10 - 100 µs and 10 - 100 ms, respectively (for a recent 
review see Furtig et al., 2007). A prerequisite for measuring kinetics is the fast initiation of 
a conformational transition event which can be achieved through rapid mixing devices that 
reach dead times of around 0.05 s. Another elegant way to trigger refolding is the trapping 
or ‘caging’ of an RNA molecule, specific functional groups or ligands, and the subsequent 
release of the photolabile conformation through illumination. Laser-, microwave- or 
conductivity-induced temperature jump methods such as the one mentioned for infrared 
measurements have also been applied. Signals can be detected in a one-dimensional (1D) 
fashion by looking at one class of nuclei and recording the spectrum at different time 
points. Information that can be retrieved from 1D spectra are for example the formation of 
base pairs, the presence of one or several conformations and the timescale of the dynamics 
of the system. As the spectral resolution of this type of spectra is usually low, multi-
dimensional spectra which combine the chemical shift information from several nuclear 
species are often applied with the drawback of a lower time resolution. The analysis of 
these data yield bulk kinetic data, insights into the folding mechanism, an atomic 
resolution of involved groups and energy parameters of the transition. Thus, despite its 
Introduction 
15 
demand for expensive technical equipment and high proficiency of the user, NMR 
spectroscopy has the highest spatial resolution of all techniques introduced in this chapter. 
A drawback of the technique is its restriction to relatively short molecules - the longest free 
RNA molecules found to date in the PDB have around 100 nucleotides. The quality of the 
signal resolution also depends strongly on the degree of structuredness, the presence of 
alternative conformations and site-specific labeling. 
Electron paramagnetic resonance (EPR) spectroscopy (reviewed in Qin and 
Dieckmann, 2004) is highly related to NMR spectroscopy as it is based on the same 
physical principles. Instead of measuring the magnetic properties of nuclei, however, it 
uses the presence of unpaired electrons. The general absence of such paramagnetic groups 
within nucleic acids makes the labeling with nitroxide spin labels at the site of interest or 
the study of paramagnetic metal ions necessary. This increases the site specificity of the 
measurement with the consequence that the technique is accessible to larger RNA 
molecules as compared to NMR. The higher signal intensity stemming from the electrons, 
moreover, reduces the required RNA amount 10-fold to around 100 picomoles as 
compared to NMR. 
 
While X-ray crystallography has been extensively used to determine RNA structure 
(e.g. Golden et al., 2005; Kim et al., 1974; Martick et al., 2008), it cannot resolve RNA 
folding pathways due to the inability of unfolded or partly folded intermediates to form 
crystals (Lipfert and Doniach, 2007). The related method of (time-resolved) small angle X-
ray scattering (trSAXS), however, relies on molecules in solution and can therefore probe 
size and global shape in a near-physiological environment and in different steps of folding. 
The physical basis for the technique is the differential scattering of X-rays by electrons of 
the sample (Pollack and Doniach, 2009). The signal intensity as a function of the scattering 
angle relative to the incident beam gives a pattern characteristic for the average molecule 







1.2.3. Single-molecule force techniques 
 
Within the last few years, methods to induce RNA folding and unfolding in a different 
way to the techniques elucidated so far, have been developed. These rely on the application 
of mechanical force instead of a change in temperature, pH and ionic strength. ‘Optical 
tweezers’ rely on the fixation of single and interacting RNA molecules on surfaces, while 
the other end is either connected to a micropipette or to a dielectric bead. By trapping the 
latter with a laser beam and controlled movement of the micropipette in the nanomolar 
range a force as small as 0.1 pN is applied which can be directly correlated with the 
distance between the two anchor points (Zhuang, 2005). Thus, thermodynamic as well as 
kinetic folding information for the used RNA molecules can be derived (Hyeon and 
Thirumalai, 2005; Liphardt et al., 2001). The related magnetic tweezers employ magnetic 
instead of dielectric beads and induce molecule stretching with a magnetic field (Vilfan et 
al., 2007). The latter technique has also been combined with atomic force microscopy 
(AFM) in order to study the mechanical properties of RNA (Abels et al., 2005) and the 
unwinding of RNA by helicases (Henn et al., 2001). AFM visualizes single molecules 
through the mechanical sensing of surface height differences using a pointed probe 
attached to a flexible lever (Fay et al., 2001). 
 
1.2.4. Computational simulations and predictions 
 
Valuable information complementing experimental data can nowadays be obtained 
from molecular dynamics (MD) simulations (reviewed by Ditzler et al., 2010). While 
structures derived from crystallography or other techniques are often mere snapshots of the 
trajectories sampled by the molecule over a larger period of time, computer programs can 
contribute to fill this gap by simulating the stochastic movements of the system. MD 
simulations can also be used to identify experimental artifacts as was done for the structure 
of the hepatitis delta virus (HDV) ribozyme (Ditzler et al., 2009; Sefcikova et al., 2007), to 
model interactions with solvent molecules, and to predict the impact of base substitutions 
on structure and function. The current limitations of these simulations are due to the 
dimensions of space and time of modeling being smaller than in biological systems and the 
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model character of the force-field description of atoms and chemical bonds. While atoms 
are approximated by spheres with point-like charges that obey the Lennard-Jones potential, 
bonds are described by harmonic springs. A more realistic and accurate description of 
biological molecules is achieved by quantum mechanical calculations which are so far, 
however, only applicable to systems of 30 to 50 atoms due to restricted computational 
power. 
Experimental RNA structural determination is usually supported by the computational 
prediction of secondary structure. The concept of these predictions is the optimization of 
base and nucleotide interactions towards the minimum free energy structure and the 
calculation of the partition function which describes an ensemble of coexisting folds (for 
basic reviews see Bundschuh and Gerland, 2006; Steger, 2005; Tinoco and Bustamante, 
1999). The fact that free energies of secondary structures are additive (Chen, 2008), makes 
2D calculations straightforward while the prediction of tertiary interactions is still 
complicated by their energetic diversity and the RNA’s interaction with metal ions (Tinoco 
and Bustamante, 1999). Thermodynamic parameters of elementary building blocks such as 
the addition of a Watson-Crick base pair or stacking interactions have already been 
compiled in the 1970s (e.g. Borer et al., 1974; Tinoco et al., 1973) and are constantly being 
improved (Andronescu et al., 2007; Mathews et al., 2004). One of the biggest limitations 
for secondary structure prediction nowadays is the restriction of the available parameters to 
a defined concentration of NaCl (Chen, 2008), and the neglect of co-transcriptional 
folding. Based on the predicted secondary structure, the modeling of 3D structure is 
possible and several programs exist to date (Jonikas et al., 2009; Masquida and Westhof, 
2005; Parisien and Major, 2008; Sharma et al., 2008). Comparative folding analysis makes 
use of the availability of homologous RNA sequences from different organisms and the 
fact that the three-dimensional fold is largely conserved throughout evolution (while the 
primary sequence is more mutable) (e.g. Marz et al., 2009). Online tools that model RNA 
folding kinetics have been available for a few years (Gruber et al., 2008; Xayaphoummine 
et al., 2005). 
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1.3. RNA structure formation 
 
Several model systems with different complexity have been useful for the 
understanding of RNA folding. While in the 1960s and 1970s tRNAs and short 
oligonucleotides were the focus of study, now, complex ribozymes give valuable insights 
into folding pathways as well as the kinetics and thermodynamics of RNA structure 
formation. The revival of the simplest model systems for their examination with new 
techniques demonstrates the lack of detailed knowledge of even the most basic processes, 
for example hairpin formation. This chapter deals with the basic principles and concepts of 
RNA folding with the emphasis being on secondary structure formation. 
 
1.3.1. The Levinthal folding paradox and its constriction 
 
Despite the fact that an RNA molecule is probably never completely unstructured, in a 
theoretical framework, an unfolded RNA has many degrees of freedom and can thus 
sample a huge space of conformations (Chen, 2008). A random search for its native 
structure would therefore take an inefficiently long time, as was originally pointed out for 
proteins by Levinthal (1969). However, just as with proteins, natural RNA structures form 
within milliseconds to seconds under physiological conditions (Woodson, 2010a). This 
Levinthal paradox can be overcome through a number of factors such as the steric 
restriction of the conformational space (Chen, 2008), hierarchical folding (Brion and 
Westhof, 1997), sequential folding due to the directionality and well-defined speed of 
transcription (Mahen et al., 2005) and the assistance of interacting proteins (as discussed 
separately in chapter 1.4). 
Theoretically, a single nucleotide has eight degrees of freedom due to six rotatable 
backbone bonds, the C3’-endo and C2’-endo conformation of the sugar ring and another 
torsion of the bond between base and sugar (Chen, 2008). However, due to steric hindrance 
the molecule’s flexibility is much more restricted, both in its free form (Murthy et al., 
1999) as well as in complex RNA structures (Murray et al., 2003). Therefore, the entropy 
of an unfolded RNA molecule is much smaller than first assumed. 
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Levinthal proposed an organized folding mechanism for proteins during which near-
neighbour interactions would serve as the nucleation points for folding. For RNA 
molecules, this means that highly exothermic secondary structures form first and build a 
scaffold for the establishment of tertiary interactions (Brion and Westhof, 1997). Indeed, 
early experiments on the thermal melting of tRNAs (Cole and Crothers, 1972; Crothers et 
al., 1974; Riesner et al., 1973) as well as more recent studies with optical tweezers (e.g. 
Greenleaf et al., 2008; Liphardt et al., 2001) support the theory of folding being determined 
by an energetic hierarchy. The separation of folding of secondary and tertiary structure is, 
however, not extremely strict and the formation of these interactions can be coupled 
instead of staggered (Woodson, 2010a). Gluick and Draper (1994) found that a mechanism 
for pseudoknot folding, involving the initial formation of secondary structure followed by 
non-Watson Crick base pairing, to be inconsistent with thermodynamic data. NMR studies 
showed that the induction of tertiary structure formation through the addition of Mg2+ ions 
leads to the disruption of preformed, and the establishment of new, Watson-Crick base 
pairs within the P5abc subdomain of the Tetrahymena group I ribozyme (Wu and Tinoco, 
1998). Therefore, for larger molecules, a slightly different concept of organized folding 
was suggested. Rapid collapse of the unfolded RNA molecule leads to ‘compact 
intermediates’ in which many native but also non-native secondary and tertiary interactions 
are established, but the tight packing of helices through long-range contacts is lacking 
(Buchmueller et al., 2000; Russell et al., 2000; Woodson, 2000a). The subsequent 
conformational sampling towards the native state is aided by the tertiary interaction-
mediated cooperativity of helices (Chauhan and Woodson, 2008; Woodson, 2010a). 
The cellular environment usually spares RNA molecules from the complete 
denaturation and RNA structure formation can start immediately after the escape from 
transcription initiation into the elongating phase, instead of waiting for RNA synthesis to 
be completed (Boyle et al., 1980; Kramer and Mills, 1981). Thus, the directionality of 
transcription has the propensity to greatly determine the RNA folding pathway. In a 
computational folding simulation of the HDV ribozyme the native structure was reached 
more easily when folding occurred in parallel to the synthesis than with the full RNA 
sequence being present from the start (Isambert and Siggia, 2000). In addition to the 
importance of the directionality of RNA synthesis, the velocity of transcription has been 
shown to have a dramatic influence on the folding outcome (Diegelman-Parente and 
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Bevilacqua, 2002; Palangat et al., 1998; Repsilber et al., 1999). For example, Pan et al. 
(1999) found that NusA-dependent pausing of the E. coli polymerase accelerated the co-
transcriptional formation of a correct RNase P ribozyme structure 10-fold compared to the 
absence of NusA. Mahen et al. (2005) suggested furthermore that non-specifically binding 
proteins such as hnRNPs might locally or globally slow down folding and thus bias the 
formation of certain regions over others. 
 
1.3.2. Free energies of secondary and tertiary structure formation 
 
As hinted at in the previous section, free energies of secondary and tertiary interactions 
are quantitatively different, with Watson-Crick base pairing and helix base stacking 
making up the biggest enthalpy contribution to the overall stability of a given structure. 
Typically, thermodynamic parameters are measured with melting studies (e.g. Freier et al., 
1986; Lambert et al., 2009; Weixlbaumer et al., 2004) or micro-calorimetry (Lambert et 
al., 2009; SantaLucia and Turner, 1997), but other techniques such as single-molecule 
force experiments (Liphardt et al., 2001) have also been applied. According to a 
compilation of enthalpies, entropies and free energies used for secondary structure 
prediction, the addition of a single base pair to a growing helix contributes a Gibbs free 
energy of -0.9 to -3.4 kcal/mol depending on the nature of the added base pair as well as 
the neighbouring bases (Freier et al., 1986, calculated for 1 M NaCl and 37°C). Tertiary 
interactions, such as interhelical or loop stacking, non-Watson Crick base pairing and 
backbone-ion interactions, contribute generally less free energy (Brion and Westhof, 
1997). Thus, they cannot easily be broken up into single elements with predictable energy. 
Thus, energies are often determined for an associated set of tertiary interactions such as 
found in motifs. For example, kissing loops are the most stable tertiary interactions 
yielding -6 to -15 kcal/mol (Lambert et al., 2009; Lorenz, 2006; Weixlbaumer et al., 2004; 
Woodson, 2010a) while ribose zippers contribute -0.4 to -0.5 kcal/mol per hydrogen bond 
to the net free energy (Silverman and Cech, 1999). An interesting phenomenon is the over-
representation of unusually stable hairpins with UNCG or GNRA loops in biologically 
relevant RNAs (where N stands for any nucleotide and R indicates a purine) (Uhlenbeck, 
1990). A UUCG tetraloop has been demonstrated to be stabilized by a non-Watson Crick 
base pair, base stacking and a cytosine-phosphate contact (Varani et al., 1991). Further 
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positive or negative energy contributions can be envisioned, such as helix nucleation, 5’ or 
3’ dangling ends, or bulged nucleotides which disturb the A-form helix (Freier et al., 
1986). Mg2+ and other metal ions are often an integral part of tertiary interactions and thus 
contribute substantially to folding energetics (e.g. Klein et al., 2004; Lambert et al., 2009).  
 
1.3.3. Mechanisms and kinetics of RNA folding 
 
Helices are the basic building blocks of RNA secondary structure and thus the simplest 
models for RNA folding are short oligonucleotides and hairpins. Yet the mechanism of 
helix formation is already a sophisticated one. While the first studies on RNA 
oligonucleotide duplex formation and hairpin folding had already been carried out around 
1970 (e.g. Coutts, 1971; Craig et al., 1971; Porschke, 1974), further advances were lacking 
until recently (e.g. Ma et al., 2006; Mohan et al., 2009). 
The annealing of two complementary oligonucleotides starts with a nucleation step in 
which two to three base pairs are formed (Craig et al., 1971). The enthalpy connected to 
the formation of this transient intermediate is a positive one (Coutts, 1971; Eigen and 
Porschke, 1970) and dissociation of the complex is likely. Only after the formation of four 
or more base pairs is the annealing process faster than the dissociation and the helix grows 
with a rate of 1-20 · 106 bps / s (Craig et al., 1971; Porschke, 1974). Interestingly, the 
strands of oligoA-oligoU duplexes slide against each other with a time constant of around 
100 µs which seems to be a mechanism of duplex reorganization without larger helix 
dissociation (Porschke, 1974). Porschke (1974) also suggested a two-step ‘zipper model’ 
for helix formation of hetero-ribonucleic acids which was recently refined to a three-step 
‘stack-ratchet’ model by Mohan et al. (2009) (figure 1.3.3.1). According to this model, the 
nucleation step is followed by stacking of the 3’ single-strand bases. The subsequent 
addition of one base pair (i+1) to the helix simultaneously contributes the formation of 
Watson-Crick hydrogen bonds and the stacking of the 5’ end (i+1) base onto the preceding 
(i) 5’ base. The growing helix single-strand junction thus contains a pre-organized 3’ 
single-strand instead of two dangling single-strands. A net base pairing step has two 





Figure 1.3.3.1: The Stack-ratchet model for helix growth as suggested by Mohan et al. (2009). The 
helix propagation fork consists of a duplex of length i, j stacked 3’ end bases and the dangling 5’ 
end. A base pairing step consists of the hydrogen bond formation between 5’ end base i+1 and 
stacking of the same base onto the helix. Consequently, the number of stacked bases from the 3’ 
end decreases by one to j-1. In preparation for the formation of the next Watson Crick pair, the 3’ 
stack length is increased again. Reprinted with kind permission from Mohan et al. (2009). Copyright 2009 
American Chemical Society. 
 
While DNA hairpin folding has been studied intensively (e.g. Ansari et al., 2001; 
Bonnet et al., 1998; Jung and Van Orden, 2006), only a few studies on RNA hairpins exist. 
Because DNA and RNA thermodynamics differ from each other (Gerland et al., 2001; 
Mohan et al., 2009), conclusions from DNA hairpin studies cannot be easily extrapolated 
to RNA. However, in both cases the number of steps that the molecule runs through during 
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folding is still under debate (Chen, 2008) with some studies observing a two-state folding 
mechanism (Bowman et al., 2008) and some proposing a four-state folding model (Ma et 
al., 2006; Sarkar et al., 2010). As with RNA duplexes, the first nucleation event is 
energetically unfavourable (Coutts, 1971; Uhlenbeck et al., 1973) and the transient 
complex thus frequently falls apart (Bowman et al., 2008). Initial base pairing can either 
occur at the end base pairs or at the loop-closing base pair, meaning that multiple folding 
pathways exist. Gruebele and coworkers carried out fluorescence and absorbance 
temperature jump experiments combined with molecular dynamics simulations and found 
that the determined kinetics are best described by a mechanism comprising four folding 
states (Ma et al., 2006; Sarkar et al., 2010). According to this model, RNA hairpins fold 
sequentially from an unstacked state U* (no hydrogen bonds and barely any stacking), via 
an unfolded state U (bases are stacked onto each other) and a ‘frayed’ state E (with 
hydrogen bonds that are not necessarily native) towards the native state N. Additionally, 
there was evidence for direct transitions from U* to E and U to N which supports the 
theory of the coexistence of multiple folding pathways. The velocity of folding, expressed 
by the folding constant k1, is generally dependent on the RNA sequence with the loop 
sequence (Nagel et al., 2006; Proctor et al., 2004) and length (Crothers et al., 1974) playing 
an important, but as yet undefined role. There is evidence that k1 is largely determined by 
the entropy change connected to the coil-hairpin transition (Cao et al., 2010) while the 
enthalpy change is negligible (Nagel et al., 2006; Proctor et al., 2004). Proctor et al. (2004) 
found that substitution of a guanosine with the analogue 6-bromoguanosine accelerated 
hairpin folding by a factor of 2.8 to 4.1. They suggested that the base analogue decreased 
the conformational space (entropy) of the unfolded RNA so that the number of sampled 
conformations was reduced and thus the native state was reached faster. Generally, 
formation of short RNA hairpins has been measured to be in the 10-100 µs range (Coutts, 
1971; Proctor et al., 2004; Stancik and Brauns, 2008).  
 
Tertiary interactions determine the formation of structural motifs and organize the pre-
formed secondary structures and domains within the overall RNA fold (Pyle and Green, 
1995). There is a vast number of studies on tertiary and domain folding using model RNAs 
of different complexity. Among these are pseudoknots, tRNAs, Tetrahymena and Azoarcus 
group I introns, group II introns, RNase P and the HDV ribozyme (folding of which are 
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reviewed for example in Batey et al., 1999; Cech, 1993; Lilley, 1999; Pyle et al., 2007; 
Pyle and Green, 1995; Woodson, 2000b; Woodson, 2010a). 
 
 
Figure 1.3.3.2: Scheme of human telomerase pseudoknot formation via two different 
pathways (according to Cho et al., 2009). In the upper pathway, helix 1 is formed first, followed 
by the formation of stem 2 and the tertiary interactions between loop 1 and stem 2. In an alternative 
pathway, stem 2 establishes tertiary interactions with loop 1 before helix 1 is formed. The resulting 
structure is an H-type pseudoknot. 
 
The simplest model system used for the study of tertiary interactions is the pseudoknot 
structure that is found frequently in nature and plays an important role in biological 
processes (Staple and Butcher, 2005). The minimal fold is composed of two helices of 
which one engages the loop of the other helix (figure 1.3.3.2). Extensive tertiary 
interactions are formed in some sequences including for example non-helical base stacking 
of unpaired loop bases, sugar-edge/sugar-edge and Watson Crick/sugar-edge hydrogen 
bonding between the unpaired residues in one loop and the adjacent helix located parallel 
to the loop (Michiels et al., 2001; Theimer et al., 2005). These interactions can 
substantially stabilize the overall fold (Liu et al., 2010). While several computer 
simulations on pseudoknot folding exist (Cao and Chen, 2006; Cao and Chen, 2007), 
experimental data are scarce. Optical tweezer studies on the human telomerase RNA 
pseudoknot (hTR) suggested a two-step folding pathway with the 5’ hairpin folding being 
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completed before the 3’ helix is formed (Chen et al., 2007). Recent folding simulations on 
pseudoknot sequences from three different origins revealed a strong sequence-dependence 
of the folding pathway with the more stable helix preferably forming before the less stable 
one (Cho et al., 2009). They also observed formation of the tertiary interactions between 
loop 1 and helix 2 before helix 1 folds within one folding pathway of the hTR pseudoknot 
(figure 1.3.3.2). Overall folding times lie between 0.1 s-1 for isolated pseudoknots (Chen et 
al., 2007) and 0.2 min-1 for pseudoknots in the context of the complete RNA sequence 
(Zhang et al., 2009). 
More complex RNAs, such as group I introns and RNase P, have very specific and 
complex folding mechanisms that cannot be addressed here in detail. A common principle 
that these molecules seem to share, however, is the progression from an unfolded form into 
the native fold via near-native intermediates. Already in 1972, a (T versus Na+ 
concentration) phase diagram was proposed to explain different steps in tRNA folding  
(figure 1.3.3.3) (Cole and Crothers, 1972). The authors demonstrated the existence of 
folding intermediates in the form of extended folds (at low salt concentrations) with many 
non-native interactions as well as native-like intermediates (at higher salt concentrations) 
resembling the cloverleaf structure, but also containing non-native interactions. Similarly, 
the multi-domain group I introns from Tetrahymena, yeast mitochondria and Azoarcus as 
well as the yeast ai5γ group II intron and the Bacillus subtilis RNase P C-domain collapse 
from unfolded forms into compact intermediate structures upon the addition of metal ions 
(reviewed in Woodson (2010) and Pyle et al. (2007)). The collapsed states are 
characterized by many native-like secondary and some tertiary interactions. The helices are 
still only loosely packed, but provide the scaffold for the formation of long-range 
interactions. The time constants in the folding pathway of the group I introns and the 
RNase P C-domain seem to differ from the constants that describe folding of group II 
introns (Pyle et al., 2007). For the former RNAs, the initial collapse of the unfolded state 
into the near-native intermediate is fast (between 1 and 50 ms), but the subsequent 
conformational sampling towards the native state can be time-consuming (1 s to 1000 s 
depending on the molecule length and the number of domains) (Woodson, 2010a). The 
ai5γ group II intron in contrast, shows fast folding of the secondary structural elements 
with a slow progression into the near-native intermediate (30 s). The subsequent 
progression into the native state is reported to be fast again (Pyle et al., 2007). Notably, 
Introduction 
26 
besides local rearrangements and the establishment of new interactions, the transition 
between the compact intermediates towards the native fold can also include a more 
dramatic, global reorganization (Chauhan et al., 2009). It should be pointed out here that in 
contrast to the phase diagram suggested by Cole and Crothers (1972), Na+ ions alone are 
usually not sufficient to ensure folding of larger RNA molecules. Other metal ions (mostly 
Mg2+) are necessary; this will be summarized in the following paragraph. Additionally, the 
concentration of metal ions largely influences the speed of folding. 
 
 
Figure 1.3.3.3: Four phases of tRNA folding depending on temperature and salt 
concentration. Reprinted (adapted) with permission from Cole and Crothers (1972). Copyright 1972 
American Chemical Society. 
 
1.3.4. The role of ions in RNA folding 
 
During the formation of secondary and tertiary structure RNA molecules encounter the 
problem of ‘electrostatic stress’. The term refers to the strong compaction of the negative 
backbone charges upon folding. The problem is partially solvedby sequestration of 
positively charged metal ions from the environment which thus play an important role in 
the thermodynamic stabilization of secondary and tertiary interactions (extensively 
reviewed in e.g. Chen, 2008; Draper, 2004; Draper, 2008; Draper et al., 2005; Woodson, 
2005a). Charge neutralization happens with ions of three different characters: diffuse ions, 
chelated ions and partly hydrated and chelated ions (Draper, 2004). Diffuse ions remain 
hydrated and thus interact via long-range electrostatic forces with the RNA molecule and 
with each other. The latter phenomenon results in an ‘ion atmosphere’ with elements that 
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do not act independently from each other but behave like an entity and thus even respond 
to changes that occur in greater distance, for example the approach of a ligand. Ions that 
stay hydrated and participate in the diffuse ion atmosphere within the distance of a several 
Ångström from the RNA surface are mostly Na+ and K+, but divalent ions can also be 
involved (Braunlin, 1995; Draper, 2004; Guéron and Leroy, 1982). Diffuse ions are solely 
responsible for hairpin formation (Bowman et al., 2008), tRNA folding (Guéron and 
Leroy, 1982) and the initial collapse of the Tetrahymena group I intron (Koculi et al., 
2007). Tighter RNA interactions are stabilized by chelated or only partly hydrated ions 
such as in the Azoarcus ribozyme (Adams et al., 2004) and the ribonucleic part of an 
archaeal 50S ribosomal subunit (Klein et al., 2004). Chelated ions are, however, rarely 
found in crystal structures which might be due to the high energetic costs of dehydration 
and repulsion of the ‘naked’ cation by the ion atmosphere (Draper, 2008). Only in a few 
cases is the free energy stemming from the ion-RNA interaction high enough to outweigh 
the positive energy contributions connected with chelating (Draper, 2004). Chelated ions 
are often divalent, although monovalent ions have also been reported in crystal structures 
(Conn et al., 2002). Due to the strong compaction of RNA and the resulting high charge 
density, the nature of the neutralizing ions becomes essential. Koculi et al. (2007) tested 
the effect of a set of divalent ions on the stability of the Tetrahymena ribozyme and found 
a linear correlation between charge density and stabilization. Similar experiments were 
carried out by Lambert et al. (2009) who tested the influence of different monovalent ions 
on the stability of different structural motifs. While hairpins and tertiary interactions of 
pseudoknots were insensitive to the ion character, tertiary interactions in a riboswitch and a 
kissing loop were stabilized better by ions of higher charge density. Generally, divalent 
ions neutralize negative charges more effectively than monovalent ions due to lower 
entropic costs (Draper, 2004). Besides the neutralization factor, hydration energies and the 
ability to closely approach the RNA surface or pockets determines the effectiveness of 
certain ions (Draper, 2004). Inside the cell, Mg2+ and K+ are the main metal ions with 
approximate chemical activities of 0.9 to 1.5 mM and 0.14 to 0.74 M, respectively 
(measured in bacteria by Froschauer et al., 2004 and Cayley et al., 1991), but also trivalent 
polyamines are present and have the ability to support RNA folding (Draper, 2008; 
Heilman-Miller et al., 2001a; Heilman-Miller et al., 2001b). Indeed, the native structures of 
the Tetrahymena and HDV ribozymes formed most efficiently in a mixture of ions 
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mimicking the cellular environment (Brown et al., 2004; Heilman-Miller et al., 2001b). 
Interestingly, the character and amount of ions present in the folding reaction can also 
influence the folding pathway and outcome, which was explained by selective stabilization 
of certain structures (Shcherbakova et al., 2004; Uchida et al., 2003; Woodson, 2005a). 
Besides the neutralization and stabilization effects, ions have been proposed to support 
folding via the creation of attractive forces between helices (see Woodson, 2005a; Koculi 
et al., 2004). The localization of positively charged ions to the phosphate backbone is 
considered to evoke local peaks of positive and negative electrostatic charge. The resulting 
helix surface is thus of fluctuating charge and can interact with other helices via coulombic 
forces. This theory is, however, controversial and needs further experimental evidence (Bai 
et al., 2005; Draper et al., 2005). 
 
1.3.5. The RNA folding landscape and kinetic traps 
 
In the previous paragraphs it was already hinted at that RNA molecules do not follow 
one specific folding pathway to find their native conformations, but that instead multiple 
pathways as well as alternative intermediates or even alternative final structures exist. 
Early evidence for this statement came from tRNAs. In the 1960s several groups described 
the existence of two distinct forms of E. coli and yeast tRNAs of which only one was 
recognized by its specific tRNA synthetase in vitro (Adams et al., 1967; Gartland and 
Sueoka, 1966). The interconvertability of these two structures through heating and addition 
of Mg2+ hinted at the formation of distinct and stable secondary structures that were 
separated by high refolding activation energies (Adams et al., 1967; Ishida and Sueoka, 
1968). Alternative structures or stable folding intermediates have also been found for 
group I introns of different origins (Dávila-Aponte et al., 1991; Michel et al., 1992; Tanner 
and Cech, 1985; Walstrum and Uhlenbeck, 1990), RNase P (Pan and Sosnick, 1997) and 
plant viriods (Riesner et al., 1979). Recent temperature-jump measurements and theoretical 
studies show that even one of the simplest structural models, RNA hairpins, follow 
complex folding pathways (Ma et al., 2006; Stancik and Brauns, 2008; Zhang and Chen, 
2002). Based on these observations, Thirumalai and Woodson (1996) proposed a rugged 
energy landscape for RNA folding that had been developed for proteins originally and was 
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refined in later studies (figure 1.3.5) (Dammertz et al., 2011; K. et al., 2011; Laederach et 
al., 2007; Mitra et al., 2011; Russell et al., 2002; Solomatin et al., 2010).  
 
 
Figure 1.3.5: Energy folding landscape for the Tetrahymena group I ribozyme. Besides the 
native fold N several collapsed intermediates IC as well as kinetic traps Itrap and misfolded states M 
exist. While refolding of Itrap is slow, the structure M remains trapped. Depending on the initial salt 
concentration, RNA folding is possible along three different ‘channels’ that are enthalpically and 
entropically separated from each other. Hereby, molecules move from high to low entropy and 
towards a more negative free energy. Escape from one channel to another is possible due to 
lowered activation energy at some stages of folding. Solomatin et al. (2010) suggested that the tip 
of the native fold (N) is much more frayed describing several similar but energetically separated 
native structures that might be of biological relevance. Reprinted (adapted) with permission from 
Russell et al. (2002). Copyright 2002 National Academy of Science.  
 
This model qualitatively defines the energetic space unfolded RNA molecules 
encounter at the beginning of their structural search, as well as potential routes which they 
can take towards their native structure and energetic traps in which the ‘structural walk’ 
can find its end. The reasons for the existence of alternative pathways and structures are 
the ‘low information content’ of RNA primary sequence, the high stability of (non-native) 
secondary structures and the low cooperativity of tertiary folding (Herschlag, 1995). 
Furthermore, competing energies govern the folding process. While base stacking drives 
compactness of the RNA chain, electrostatic repulsion of negative backbone charges favor 
expansion and preferred backbone configurations restrict the conformational space 
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(Thirumalai et al., 2001). The contradictory energetic requirements lead to ‘topological 
frustration’ which the molecule tries to minimize. Although biological molecules are 
probably optimized by evolution so that they preferentially fold into their native structure 
in a physiological environment (Mitra et al., 2011), non-native structures with similar 
stability exist. Due to high activation energies for the disruption of pre-formed secondary 
structures (see chapter ‘RNA refolding’), alternative folds are often ‘kinetically trapped’ 
and refolding towards the native state is very slow (Pan and Sosnick, 1997; Zhuang et al., 
2000). The folding of an ensemble of RNA molecules of the same sequence can therefore 
be described by a kinetic partitioning mechanism (Thirumalai et al., 2001; Thirumalai and 
Woodson, 1996). Depending on the RNA sequence and initial conditions, only a part of the 
molecules Φ folds rapidly into the native state. The residual fraction 1- Φ adapts alternative 
conformations with long half lives which renders the overall folding of this fraction much 
slower. 
 
1.3.6. RNA refolding 
 
Besides the formation of RNA structure, the disruption of formed interactions (the 
prerequisite for refolding) is of biological importance. As well as the the rescue of 
misfolded intermediates, structural reorganization is also found for instance during 
translational regulation through riboswitches (reviewed for example by Serganov and 
Patel, 2007), biogenesis of ribosomes (e.g. Semrad et al., 2004), RNAi (Ameres et al., 
2007) and RNA-ligand binding (e.g. Zhang et al., 2007).  
Rather subtle structural changes comprising tertiary interactions only are found for 
example in the anticodon loop of a bacterial tRNA as a codon-dependent response 
(Urbanke and Maass, 1978). The two states of the anticodon loop have the same number, 
but a different distribution, of stacking interactions and are thus of very similar free energy. 
The transition state of the refolding reaction is formed by the transient breakage of two 
stacking interactions yielding reaction constants in the µs to ms range (between -10 and 
33°C). Minor tertiary and secondary structure arrangements have been proposed for the 
SAMI and SAMIII riboswitches (Lu et al., 2011a; Stoddard et al., 2010). For a long time it 
was believed that the ligand S-adenosylmethionine actively changes the riboswitch 
structure upon binding. The latest experiments, however, indicate that the unbound 
Introduction 
31 
riboswitches sample several conformations of similar stability among which the ligand-
binding one is found. Thereby, binding time and energy are reduced enabling a fast 
decision for translational regulation (Stoddard et al., 2010).  
Generally, refolding events can only occur if the activation energy of the transition lies 
within boundaries determined by the environmental conditions such as temperature, pH, 
metal ion concentration, denaturing agents and proteins. Mahen et al. (2010) showed that 
there are different free energy thresholds in vitro and in vivo above which a structure can 
still be opened up and an alternative, more stable structure can be formed (regime of 
thermodynamic control, figure 1.3.6). Below this threshold the structure cannot refold due 
to a minute unfolding rate constant (regime of kinetic control). Pivotal to this is the 
enthalpy change between the first structure and the transition state which determines the 




Baekk ⋅⋅= /0       (Cao et al., 2010).  
 
The high stability of secondary structures abolishes the fast unfolding of longer helix or 
hairpin structures. For example, an RNA duplex of only 10 base pairs and of mixed 
nucleotide content has a half life of around 30 minutes (Herschlag, 1995). The partial 
solution to this problem is a transition state that contains as many mutually non-exclusive 
interactions from both states as possible. Indeed such transition states have been found 
using different techniques (Furtig et al., 2010; LeCuyer and Crothers, 1994). The measured 
activation energy of 25 kcal/mol for a conformational switching between two incomplete 
hairpin structures with 13 and 14 base pairs was shown to be too low to involve a step-wise 
refolding, including complete disruption of base pairs of hairpin 1 followed by the 
formation of hairpin 2 (LeCuyer and Crothers, 1994). A concerted folding via branch 
migration was thus suggested. 
More extensive reorganization involving local and global structure takes place in multi-
domain ribozymes as was studied at length for group I introns (e.g. Bevilacqua et al., 1992; 
Treiber et al., 1998). A misfolded intermediate of the Azoarcus group I ribozyme, for 
example, refolds within 1 to 5 seconds towards the native state thereby reorganizing the 






Figure 1.3.6: Thermodynamic and kinetic parameters of the conformational switching of an 
RNA molecule. The refolding event between two structures A and B formed by the same RNA 
sequence is determined largely by the activation energy necessary to reach the transition state (*). 
The two structures can interchange if the activation energy lies below a certain threshold 
(determined by temperature, pH, ion concentration, denaturants and proteins). In this case the 
reaction is thermodynamically controlled (red region), meaning the equilibrium is on the side of the 
more stable form B. Above the threshold, unfolding of existing structures is almost not observable 
and refolding is kinetically controlled (blue region). Thus, the structure that forms first, for 
example during to co-transcriptional folding, is favored. The threshold between the two regimes is 
not a concise border, but a broader band that indicates the limit between reactions proceeding on a 
biologically relevant timescale and reactions that are so slow that they are negligible in the 
biological or experimental context. 
 
1.4. Factors that support RNA folding 
 
As elaborated in the last chapter, especially large RNA molecules tend to get trapped in 
non-native conformations. Furthermore, the refolding between two functional and 
competing conformations, such as in riboswitches, has to be facilitated inside a cell. The 
existence of proteins that can rescue misfolded RNAs in vitro was discovered around 35 
years ago by Karpel and coworkers, and to date many more proteins and non-protein 
factors with related activities have been identified. As RNA misfolding also occurs in vivo 
(Jackson et al., 2006; Semrad and Schroeder, 1998), it is believed that RNA folding 
support through specialized proteins is an integral feature of a functional cell. A recent 
study showed that thermodynamic thresholds and rates of refolding are higher in yeast than 
in vitro (Mahen et al., 2010) arguing for the existence and activity of cellular RNA 
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remodeling compounds. This chapter deals with the characteristics and remodeling 
mechanisms of these factors. 
 
1.4.1. Definitions and classifications 
 
In analogy to the chaperoning of proteins, support of RNA folding is often referred to 
as RNA chaperoning. Some groups generally call proteins that help RNAs to find their 
native structure ‘RNA chaperones’, including proteins of different specificity, activity and 
mechanism (Cristofari and Darlix, 2002; Herschlag, 1995; Rajkowitsch et al., 2007; 
Woodson, 2010b). Despite attempts to unify the nomenclature (Herschlag, 1995; 
Rajkowitsch et al., 2007; Rajkowitsch and Schroeder, 2007a), terms such as ‘RNA 
chaperone’ and ‘RNA matchmaker’ are still very imprecisely used throughout the 
literature. However, a theoretical and practical reason to discriminate the protein classes 
from each other is given by their quite distinct mechanisms of folding support. To avoid 
confusion, I will shortly summarize the classifications that are used in this work. 
Specifically binding proteins (examples: Cyt-18, CBP2) stabilize a defined RNA target 
or domain thermodynamically and thus aid folding by the decrease of the free energy of 
the final structure or of otherwise unstable intermediates. In contrast, RNA chaperones 
(e.g. E. coli StpA, HIV-1 Ncp7) interact with RNAs in a non-specific manner via transient 
interactions. Instead of stabilizing pre-formed folds, they open up structures to enable 
refolding of non-native domains or molecules without the input of external energy. 
Helicases (e.g. DED1, Mss116p) work according to the same principle, namely the 
unwinding of misfolded structures in order to give the molecule another chance to find its 
native fold. Processive unwinding by helicases, however, is dependent on continuous 
cycles of ATP binding and hydrolysis. RNA annealer proteins are grouped together with 
RNA chaperones. However, they distinguish themselves from the latter by being unable to 
destabilize duplexes. Instead, they accelerate the annealing of complementary RNAs in a 
way independent of external energy and RNA sequence. The matchmaking mechanism is 




Figure 1.4.1: Classification of proteins that supports RNA folding in a sequence non-specific 
manner. [1] Measuring pure annealing acceleration requires the monitoring of duplex formation by 
short, unstructured RNAs (chapter 1.4.2) [2] A simple strand displacement assay as described in 
chapter 1.4.2 can be used, as well as group I intron cis- and trans-splicing assays or single-molecule 
force and UV melting. [3] The strand displacement assay can be adapted by adding ATP to the 
reaction and attaching a helicase binding platform to the RNA substrate which some helicases 
require for RNA binding. ‘+’ means that the activity is inherent to the protein by definition. Some 
proteins have been shown to harbor additional remodelling activities, indicated by ‘+/-’. ‘?’ means 
that this activity has not (yet) been demonstrated for the indicated protein class. 
 
The situation is slightly complicated by the fact that the borders between the known 
protein classes are partly blurred. The E. coli Hfq protein for example qualifies as an RNA 
chaperone due to its ATP-independent helix destabilization effect (Moll et al., 2003). The 
latter activity is, however, restricted to RNAs with a high AU content and is thus not 
completely sequence non-specific (Sabine Stampfl, unpublished results). The reason why 
RNA annealer proteins are often equated with RNA chaperones is that RNA annealing 
activity is found in many proteins that also have helix destabilization activity such as StpA 
(Rajkowitsch and Schroeder, 2007a). On the other hand, a few proteins have been 
described that accelerate annealing, but do not open up helices, e.g. Xenopus laevis protein 
Xlrbpa (Hitti et al., 1998; Rajkowitsch et al., 2007). Interestingly, proteins that support 
folding by specific binding might have additional sequence non-specific remodeling 
activties as was shown for Cyt-18 (Rajkowitsch and Schroeder, 2007a). An overview of 
the activities that RNA annealer proteins, RNA chaperones, helicases and specific binders 
harbor is given in figure 1.4.1. 
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1.4.2. Assays to measure RNA chaperone and annealing activity 
 
To test for accelerated folding through RNA annealing and chaperone activity, several 
simple in vitro assays have been developed, derived from methods that probe for RNA 
folding (see chapter 1.2.). Methods used to identify and study the sequence non-specific 
activities mentioned above range from very simple and artificial annealing and strand 
displacement assays to the rescuing of trapped multi-domain ribozymes or the catalysis of 
certain events of retroviral reverse transcription (reviewed in Cristofari and Darlix, 2002; 
Rajkowitsch et al., 2007; Rajkowitsch et al., 2005; Semrad, 2011). This chapter gives an 
overview of the frequently used methods, but does not claim to be complete. 
A pure annealing assay monitors the speed at which two short, complementary 
oligoucleotides form a complex with each other (figure 1.4.2 A). Importantly, the oligos 
should be designed in such a way that intramolecular structures are avoided, because stable 
hairpins need to be disrupted before annealing to the second strand can take place (Patzel 
and Sczakiel, 1999). Thus, extensive secondary structure formation of one or both strands 
adds a strand displacement component to the assay. Frequently, long RNA and DNA 
substrates have been used to monitor annealing, with ambiguous results (e.g. Krainer et al., 
1990; Portman and Dreyfuss, 1994; Skabkin et al., 2001). Duplex formation from single-
strands can either be monitored due to differential migration behaviour in gel 
electrophoresis (see chapter 1.2.) or by measuring differences in fluorescence resonance 
energy transfer between a donor and acceptor dye on the two strands (Rajkowitsch and 
Schroeder, 2007a). 
The simplest strand displacement assays, which monitor duplex destabilization, make 
use of the fact that a pre-formed and otherwise stable double-strand is opened up by an 
added RNA chaperone (figure 1.4.2 B). The separated strands can be sequestered by a third 
strand which is either sequence-identical with one of the first two, but in excess over the 
competing strand, or which forms a product that is thermodynamically more stable than the 
preformed duplex (Kuciak et al., 2008; Rajkowitsch and Schroeder, 2007a). Again, gel 
electrophoresis as well as real-time measurement of fluorescence signals have been used to 
monitor duplex formation. As hinted above, DNA as well as RNA substrates have been 
used in annealing as well as strand displacement assays (e.g. Kuciak et al., 2008; Martin 
and Bushman, 2001) with the result that the tested proteins are sometimes called nucleic 
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acid annealers or nucleic acid chaperones. Comparative studies on destabilization (as well 
as annealing) of DNA and RNA substrates are still lacking. The different molecular 
dimensions, electrostatics and thermodynamics of these molecules, however, suggest that 
chaperone activities determined with DNA cannot be easily extrapolated to RNA 
substrates (Li et al., 2011). To apply this assay for the measurement of helicase activity, 
ATP needs to be added to the reaction and a single-stranded region or hairpin should be 
added to the blunt-ended RNA duplex in order to facilitate helicase loading (Jankowsky 
and Fairman, 2007). 
A more complicated chaperone assay is derived from the self-cleavage activity of the 
hammerhead ribozyme HH16 (Tsuchihashi et al., 1993). The reaction consists of the 
annealing of the substrate RNA to the ribozyme at the catalytic center, followed by 
cleavage and dissociation of the two product strands (figure 1.4.2 C) (Herschlag et al., 
1994). The overall reaction rate (around 1 min-1 in the absence of protein) can be 
accelerated by RNA chaperones and annealers which act on different steps (Hertel et al., 
1994). While RNA chaperones enhance multiple turnover, annealer proteins increase the 
rate of a single turnover but inhibit the reuse of the ribozyme, probably due to prevented 
product dissociation (Herschlag et al., 1994). The assay was adapted by adding specific 
RNA sequences to the hammerhead ribozyme (and the related leadzyme) and observing 
cleavage as a measure for duplex formation (Windbichler et al., 2003). 
The cis-splicing assay is based on the kinetic partitioning of the T4 phage thymidylate 
synthase (td) group I intron into properly folded and misfolded fractions (Chu et al., 1987; 
Mayer et al., 2002). Elevated temperatures or RNA chaperones dissolve the kinetic traps 
and increase the percentage of correctly folded ribozymes (figure 1.4.2 D) (Chu et al., 
1987; Coetzee et al., 1994). The fraction of molecules in the native conformation is 
calculated from the time-dependent decrease of unspliced product, resolved with 
denaturing gel electrophoresis (Mayer et al., 2007). 
A practical drawback of the cis-splicing assay is the difficulty of preventing splicing 
before the reaction is started, specifically during in vitro transcription when high 
concentrations of Mg2+ and GTP are present (Galloway Salvo et al., 1990). As some intron 
structures are dispensable for catalysis, the unspliced transcript can be split up into two 
pieces that are transcribed separately (figure 1.4.2 E). For folding of the splicing-active 
Introduction 
37 
structure both parts have to be present. The remainder of the assay is analogous to the cis-
splicing assay (Semrad et al., 2004). 
An assay that was originally developed to monitor the RNA chaperone activity of HIV-
1 Ncp7 can test the efficiency of tRNALys primer annealing to the primer binding site of the 
viral RNA genome (figure 1.4.2 F) (De Rocquigny et al., 1992). For an overview of 
reverse transcription see Levin et al. (2010). Although the reaction requires the melting of 
the tRNA structure, annealing activity seems to be sufficient for its catalysis (Hargittai et 
al., 2001). Native gel electrophoresis is used to separate the different RNA structures. 
A second assay derived from a step in the reverse transcription of the HIV genome 
tests for the (-) strand transfer (figure 1.4.2 G). The transfer includes the annealing of the 
TAR RNA hairpin to the complementary TAR DNA hairpin and can be accelerated by 
Ncp7 (Levin et al., 2010). Monitoring of the mixed strand displacement/annealing reaction 
was originally carried out using gel electrophoresis (Guo et al., 1997; Guo et al., 2000). 
The assay was later adapted for single-molecule FRET measurements (Hong et al., 2003; 
Landes et al., 2007) which allows more detailed observation of structural changes. 
Whether the transfer can also be catalyzed by other, non-specific RNA chaperones has not 
been shown yet, but the method contains the typical features of a general RNA chaperone 
assay. 
The RNA chaperone assays described so far assess the helix destabilizing activity of 
proteins by monitoring a folding outcome or the efficiency of a ribozyme reaction. The 
activity can also be determined in a more direct way, namely by measuring thermodynamic 
parameters. This can be achieved for example via UV melting studies (Urbaneja et al., 
2002) or single-molecule force techniques (see chapter 1.2) (Williams et al., 2001). 
In regard of the plethora of available methods to study RNA folding (see chapter 1.2), 
many more in vitro chaperone assays can be envisioned. The selection of methods for the 
study of a protein of interest is, thus, mainly dependent on the availability of both 
equipment and human expertise. Of course, limitations connected to the protein such as a 
propensity for precipitation (problematic specifically in fluorescence assays) or 
denaturation at medium temperatures (detrimental in UV melting) can further restrict the 





Figure 1.4.2: In vitro assays for RNA annealing and chaperone activity. (A) Proteins with 
annealing activity accelerate the spontaneous duplex formation of two complementary RNAs. (B) 
RNA chaperones (RC) destabilize an otherwise stable duplex and thus allow invasion of a third 
strand. (C) Annealer proteins and RNA chaperones accelerate different steps of the hammerhead 
reaction: annealing of the substrate to the ribozyme and product dissociation. (D) An RNA 
chaperone drives folding of the group I intron towards the native structure. The addition of GTP 
subsequently initiates the two trans-esterification steps. (E) Unlike in (D), the intron construct is 
split into two separate parts, abolishing splicing almost completely at low temperatures and in the 
absence of an RNA chaperone. (F) Both annealer proteins and RNA chaperones can accelerate 
tRNA primer annealing to the primer binding site (PBS) of the viral genome. (G) The (-) strand 
transfer can progress via a loop-loop kissing complex or a zipper transition. Ncp7 not only 
accelerates the reaction, but also biases the mechanism of annealing from ‘kissing-loops’ to 
‘zipper’ (Vo et al., 2009b). 
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The chaperone activity of some proteins has also been tested using in vivo folding 
assays. As the focus of the work in this thesis is on in vitro folding, these methods are only 
briefly summarized. 
An in vivo folding trap of the T4 td group I intron is based on a premature stop-codon 
which prevents the dissolving of non-native intermediates by the ribosome (Clodi et al., 
1999; Prenninger et al., 2006). Over-expression of an RNA chaperone prevents the 
formation of misfolded structures or rescues folding traps. In contrast to RNA chaperones, 
specific binders such as Cyt-18 rescue energetically unfavorable intron mutations which 
disturb the ribozyme structure. This is the basis for the distinction between specific binders 
and non-specifically acting chaperones. Splicing efficiency can be relatively quickly 
measured with poisoned primer assays on isolated RNA. The more time-consuming 
structural probing with DMS has also been used to analyze the protein’s effect in greater 
detail (Mayer et al., 2002; Waldsich et al., 2002). 
Simple read-out of RNA chaperone activity is possible using an anti-termination assay 
developed in E. coli (Phadtare et al., 2002; Phadtare et al., 2007; Phadtare et al., 2003). In 
the absence of chaperones, a stable hairpin structure within the reporter construct aborts 
transcription and thus prevents expression of the chloramphenicol acetyltransferase which 
imparts bacterial resistance towards chloramphenicol. Co-expressed RNA chaperones 
destabilize the terminator hairpin and thus allow bacterial growth on medium containing 
the antibiotic. 
 
1.4.3. Specifically binding proteins 
 
There are many examples of proteins that bind to and stabilize their specific RNA 
target inside the cell. As specific binding reduces the free energy of the complex, it drives 
the structural equilibrium into the direction of the bound and functional form. Processes in 
which proteins have been described to help folding and maintaining RNA structure are for 
example ribosome assembly (Talkington et al., 2005; Xing and Draper, 1995), HIV Rev-
RRE hairpin interactions to trigger nuclear export (Tan and Frankel, 1994) and the 
regulation of plasmid replication in E. coli through the ColE1 Rom protein (Eguchi and 
Tomizawa, 1990).  
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Extensively studied specific binders are the Neurospora crassa tyrosyl-tRNA 
synthetase Cyt-18 which acts as a splicing factor for an rRNA intron (Collins and 
Lambowitz, 1985; Guo et al., 1991; Mohr et al., 1992), and the yeast CBP2 protein which 
is necessary for the splicing of yeast bI5 group I intron in vitro and in vivo (Gampel and 
Cech, 1991; Gampel et al., 1989). Due to the high conservation of group I intron 3D 
architecture, Cyt-18 also binds and supports folding of other group I introns (Collins and 
Lambowitz, 1985; Guo and Lambowitz, 1992). The fact that the action of both proteins has 
been studied on intron folding (a system often used for the study of RNA chaperone 
activity, see chapter 1.4.2) makes their mode of action directly comparable to RNA 
chaperone and helicase mechanisms. Cyt-18 was found to mainly bind to the P4-P6 
domain during the intron folding process, forming a scaffold for the formation of the P3-P9 
domain (Caprara et al., 1996). Even after the folding process is complete, thermodynamic 
intron stabilization by Cyt-18 is required for splicing activity (Caprara et al., 1996). This 
contrasts with RNA chaperones, helicases and annealer proteins which are not required for 
structure stabilization after RNA folding is complete (see chapters 1.4.4-1.4.6). CBP2 
works in a similar way to Cyt-18 although it binds and stabilizes different structures of the 
ribozyme. Specifically, it is needed during the second folding transition of the bI5 
ribozyme where it binds the P7, P8 and P1-P2 domains (see figure 1.1.3) to ensure the 
correct orientation of the 5’-splice site towards the active core (Weeks and Cech, 1995a; 
Weeks and Cech, 1995b). 
Generally, specific RNA substrate recognition through a protein binding partner is 
facilitated by both the read-out of RNA primary structure, and the mutual fit of the binding 
surfaces due to adjusted dimensions and shapes (Draper, 1999). Specific interactions 
involve hydrogen bonding and non-polar interactions between amino acids and the RNA 
backbone or bases, as well as electrostatic interactions between positively charged amino 
acids and the backbone phosphates. Interestingly, CBP2 recognizes the helical 
conformation of the group I intron P4-P6 domain, seemingly without engaging in any 
specific base interactions (Paukstelis et al., 2008). The recognition of mere shape and size 






1.4.4. RNA helicases 
 
As an integral part of RNA metabolism, RNA helicases are abundant in all three 
kingdoms of life (Anantharaman et al., 2002). Members of this functional group have been 
connected to almost all cellular processes that involve RNA (Jankowsky and Fairman, 
2007) and are therefore likely to be the most important RNA remodeling factors in an 
organism. RNA helicases can be divided into four superfamilies with DEAD-box, DEAH 
and DExH helicases (all belonging to superfamily 2) being the most frequently found and 
best-studied ones (Jankowsky and Fairman, 2007). Generally, two helicase domains are 
bridged by a flexible linker, jointly constituting the ATP and RNA binding sites. Helicases 
employ a variety of ATP and RNA binding motifs which gives rise to several mechanisms 
of helix unwinding (reviewed in Jankowsky and Fairman, 2007; Pan and Russell, 2010; 
Woodson, 2010b). Many helicases require single-stranded or specifically structured 
regions for substrate recognition or binding and efficient unwinding, although some are 
also able to unwind blunt-ended substrates (Diges and Uhlenbeck, 2001; Halls et al., 2007; 
Serebrov and Pyle, 2004). During progression along the loaded strand, base pairs are 
opened and/or bound proteins are displaced (Rajkowitsch et al., 2007). The DEAD-box 
helicase Ded1, for example, disrupts only a few base pairs in an active way, while the 
residual base pairs open up spontaneously (Jankowsky and Fairman, 2007). The active 
disruption is probably aided by the bound RNA being forced into a kinked conformation 
that is incompatible with a duplex (e.g. Karow and Klostermeier, 2009; Sengoku et al., 
2006). As spontaneous base pair disruption depends on duplex stability, DEAD-box 
helicase unwinding is often limited to substrates of about two helix turns (e.g. Diges and 
Uhlenbeck, 2001). Conveniently this is, however, the likely upper size limit for duplexes 
found in RNA metabolism (Jankowsky and Fairman, 2007). Generally, ATP loading and 
hydrolysis is necessary for the dissociation of base pairs as well as helix locomotion along 
the strand, although the exact timing of ATP hydrolysis is still unclear for most helicases 
(Woodson, 2010b). Recent evidence suggests that ATP binding, hydrolysis and release of 
ADP trigger conformational changes within the helicase. The helix thus samples cycles of 
conformations with different affinity towards single-stranded RNA which is probably 
responsible for helix disruption (Henn et al., 2010). 
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Interestingly, some RNA helicases have been found to accelerate annealing in vitro 
(Halls et al., 2007; Rossler et al., 2001; Uhlmann-Schiffler et al., 2006; Yang and 
Jankowsky, 2005). In the RH-II/GU helicase, this activity is separated from the unwinding 
activity in a mechanistic way and by its localization in the arginine-rich C-terminal domain 
(Valdez et al., 1997). The mechanisms of annealing acceleration employed by some 
helicases might therefore be comparable to the ones found for annealer proteins (see 
chapter 1.4.5). Balancing the two opposing activities is likely achieved through the levels 
of available ATP and ADP as was suggested for Ded1 and Ddx42p (Uhlmann-Schiffler et 
al., 2006; Yang and Jankowsky, 2005). 
 
1.4.5. Proteins that accelerate nucleic acid annealing 
 
The ability to accelerate annealing of complementary RNA sequences has been found 
in several proteins of different biological functions and belonging to viruses (e.g. HIV-1 
nucleocapsid protein Ncp7), bacteria (e.g. E. coli regulatory proteins Hfq and StpA) and 
eukaryotes (e.g. Trypanosoma brucei guideRNA binding protein gBP21, human tumor 
suppressor protein p53). Many of these additionally have duplex unwinding activity and 
thus qualify as RNA chaperones (such as Ncp7 and StpA, Trypanosoma brucei protein 
RBP16, see chapters 1.4.6 and 1.5.2) or helicases (see chapter 1.4.4). Some of these 
proteins have yet to be the subject of extensive testing in simple assays for annealing of 
short duplexes or strand displacement activity (gBP21 (Muller and Goringer, 2002; Muller 
et al., 2001)), Trypanosoma brucei protein MRP1/MRP2 (Zikova et al., 2008)). 
Alternatively, they may have only been tested with their native substrates yielding no 
direct evidence for a sequence-independent activity (yeast pre-rRNA splicing factors 
Imp3p and Imp4p (Gérczei and Correll, 2004; Gérczei et al., 2009)). Furthermore, some 
proteins such as human SF2/ASF, p50, and hnRNPs U have been hastily assigned 
annealing activity on the basis of mixed annealing/strand displacement assays (Krainer et 
al., 1990; Portman and Dreyfuss, 1994; Skabkin et al., 2001). Therefore, the only proteins 
that can confidently be classified solely as annealers to date are the Xenopus laevis protein 
Xlrbpa and p53 (Hitti et al., 1998; Nedbal et al., 1997a; Rajkowitsch et al., 2007). Hfq is a 
special case, because in addition to its annealing activity, the protein shows a duplex 
destabilization activity for substrates that are of a high AU content (Sabine Stampfl, 
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unpublished data). Mechanistic information about annealing acceleration has consequently 
been largely derived from RNA chaperones with additional annealing activity (e.g. StpA, 
Ncp7, HDAg). Since the helix destabilization effect of these proteins cannot simply be 
switched off through the course of an annealing assay, it might substantially influence the 
results. Hence, annealer proteins with no other RNA remodeling activities are valuable 
model systems to study the basics of annealing acceleration. 
Annealing acceleration is generally connected to stretches of basic amino acids or 
conserved RNA binding domains (Hargittai et al., 2001; Hitti et al., 1998; Huang and Wu, 
1998; Lee et al., 1993; Muller et al., 2001). Together with the activity’s inhibition through 
high Na+ or Mg2+ concentrations (Lapadat-Tapolsky et al., 1995; Nedbal et al., 1997a), this 
observation hints at the dominance of electrostatic interactions between protein and RNA, 
namely between the basic amino acids arginine, lysine and histidine and the negatively 
charged sugar-phosphate backbone (Record et al., 1976). Indeed, for the guide RNA 
annealer protein gBP21 and its native substrate a total of six ion bridges has been 
determined (Muller and Goringer, 2002). Consistent with the sequence non-specificity of 
annealing acceleration, binding of the proteins to a non-native substrate is often weak (Hitti 
et al., 1998; Mayer et al., 2007). Interestingly, no correlation between binding strength and 
annealing activity has been found (Ammerman et al., 2008; Hitti et al., 1998). This might 
either be due to the poor applicability of the available binding assays to weak interactions, 
or hint at a functional connection between transient interactions and annealing. To ensure 
functionality despite weak binding, annealer proteins have to be present in a greater than 
1:1 stoichiometry with their RNA substartes (Rajkowitsch et al., 2007). 
Three different mechanisms for annealing acceleration have been proposed that, if the 
formation of Watson-Crick base pairs is considered a chemical reaction, can be explained 
via the Arrhenius equation describing the temperature dependence of the reaction constant 
k:  
 
( )TREaeAk ⋅⋅= /  
 
(with A- pre-exponential factor, Ea - activation energy, R- universal gas constant, T- 
temperature). 
The pre-exponential factor A is the product of a steric factor P and the collision frequency 
Z and thus describes how often molecules collide with each other while assuming an 
orientation that is favorable for the reaction to happen (Atkins, 1996). 
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Ncp7 was suggested to concentrate RNA molecules through the process of nucleic acid 
aggregation (Le Cam et al., 1998; Vo et al., 2009a). The effect is one intrinsic to 
multivalent cations and is based on the partial charge neutralization of the nucleic acid 
through electrostatic interactions (Nguyen et al., 2000; Raspaud et al., 1998). Hfq and StpA 
were proposed to bind two nucleic acid strands simultaneously (Mayer et al., 2007; 
Rajkowitsch and Schroeder, 2007b). In both cases, the probability of an encounter 
(collision frequency Z) between two complementary RNA molecules increases, boosting 
the overall reaction rate. The stabilization of the annealing transition state with the result of 
a lower activation energy Ea through neutralization of backbone charges is another 
potential mechanism that has been proposed for p53 (Nedbal et al., 1997a). The third 
suggested mechanism comprises an interference with the conformation of the single-
stranded reactants, and thus an increase of the steric factor P (Nedbal et al., 1997b). A 
single-stranded structure is induced in which the backbone angles as well as the bases are 
organized in a way favoring annealing. The propensity of the encounter complex to 
progress into the transition state is thus increased. 
 
1.4.6. RNA chaperones 
 
Proteins with RNA chaperone activity are extremely diverse and connected to different 
RNA processes inside the cell. Heterogeneous ribonucleoproteins (hnRNPs) bind 
Polymerase II-transcribed RNAs non-specifically and guide them through nuclear 
trafficking and processing (Han et al., 2010). So far, human hnRNP A1, C1, U, I and K 
have been identified as RNA chaperones (Belisova et al., 2005; Herschlag et al., 1994; 
Portman and Dreyfuss, 1994). Several ribosomal proteins from E. coli are active in trans-
splicing assays suggesting an auxiliary role of these proteins during ribosome assembly 
(Coetzee et al., 1994; Semrad et al., 2004). Organisms that do not thermoregulate (e.g. 
bacteria and plants) face an additional and detrimental stabilization of misfolded RNA 
molecules in decreased environmental temperature. Some of the proteins expressed as a 
cold shock response (E. coli CspA and E, A. thaliana GRP7) have been shown to 
destabilize nucleic acid structures (Jiang et al., 1997; Kim et al., 2007; Phadtare et al., 
2002). The E. coli protein Hfq is a hexameric RNA chaperone with a multitude of 
functions, including the regulation of translation and mRNA stability (Moll et al., 2003). 
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Viral nucleocapsid proteins responsible for packaging of the viral genome (e.g. HIV-1 
Ncp7, Hantavirus N) are equipped with nucleic acid chaperone activity to facilitate 
processes like replication and reverse transcription (reviewed in Zuniga et al., 2008). 
These and many more examples hint at the absence of a common ‘RNA chaperone 
motif’. RNA recognition by RNA chaperones is facilitated by different binding motifs as 
well as flexible basic domains (Cristofari and Darlix, 2002; Herschlag, 1995). A common 
structural feature of these proteins is simply the local concentration of basic amino acids 
which are often found in unstructured domains (Rajkowitsch et al., 2007). Therefore, 
interactions between chaperone and RNA are likely to be mainly electrostatic in nature, a 
fact that is supported by the strong salt dependence of both RNA binding and the protein’s 
destabilization activity (Karpel and Burchard, 1980; Lapadat-Tapolsky et al., 1995; Mayer 
et al., 2007). Ncp7, however, has hydrophobic amino acids that can participate in base 
stacking interactions in addition to ionic bonds (Bourbigot et al., 2008). The sequence non-
specificity, demonstrated for many chaperones, as well as the recognition of the charged 
RNA backbone by arginines and lysines give evidence for weak RNA binding by the 
proteins. As an example, filter binding assays hinted at a dissociation constant in the 
micromolar-range for E. coli protein StpA and several non-specific RNA substrates (Mayer 
et al., 2007). Furthermore, binding strength and RNA chaperone activity do not necessarily 
correlate with each other (Cobianchi et al., 1993; Cruceanu et al., 2006; Mayer et al., 
2007). Another shared feature of proteins with RNA chaperone activity is the high 
protein:RNA ratio necessary for effective duplex destabilization (Clodi et al., 1999; 
Rajkowitsch and Schroeder, 2007b). In contrast to specific binders, RNA chaperones are 
dispensable after the folding process is complete as was shown through proteolysis after 
folding, but before splicing initiation of a group I intron (Coetzee et al., 1994; Zhang et al., 
1995). 
The ATP-independence of the activity raises the question of the energetic source for 
the destabilization of secondary structures. Two not necessarily mutually exclusive models 
can potentially explain the problem. The first model is based on the fact that some proteins 
have been directly or indirectly shown to prefer binding to single-stranded over double-
stranded RNA (Herrick and Alberts, 1976; Mayer et al., 2007; Urbaneja et al., 2002). The 
preferred binding results in a decrease of free energy of the unfolded state which brings it 
energetically closer to the folded state (figure 1.4.6 A) (Woodson, 2010b). However, in 
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order to not only shift the equilibrium between the two states, but to also increase the rate 
constant of refolding, the activation energy for unfolding must be lowered (see chapter 
1.3.6). The second theory stems from Tompa and Csermely (2004) who found that RNA 
chaperones are more disordered than other protein classes as predicted by the computer 
program PONDR (http://www.pondr.com/). Based on this observation, they proposed an 
entropy transfer model in which the unstructured protein loses some of its flexibility upon 




Figure 1.4.6: Two RNA chaperoning models that propose different energy sources for duplex 
disruption. (A) Preferred binding of an RNA chaperone (RC) to the single-stranded form of an 
RNA molecule lowers the free energy of the latter by ∆Gss,bind. The double-stranded form is 
destabilized or less stabilized than the single-strand by ∆Gds,bind. Consequently, the equilibrium 
described by K = k1/k2 is shifted towards the single-strand. (B) According to the entropy transfer 
model, transient binding of an RNA chaperone that contains flexible domains to a structured RNA 
is followed by an entropy transfer from the protein to the RNA. As a result, the protein becomes 
more structured while the RNA loses base pair interactions. The dissociated chaperone needs to be 
recycled in order to be available for a new cycle of chaperoning. 
 
An interesting problem is how some proteins (e.g. StpA, Ncp7) facilitate both the 
destabilization of helices and the acceleration of annealing, and whether these two 
activities reside within the same protein domain and share structural features. For the 
strand displacement activity of Ncp7, the correct folding of the two zinc fingers is 
important as well as their association by a basic linker (Beltz et al., 2005). For annealing 
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activity alone, however, the zinc fingers were dispensable while the basic regions could not 
fall below a certain length without losing the activity (De Rocquigny et al., 1992). These 
results show that annealing and helix destabilizing activities are at least partly locally 
separated. It was suggested that the two opposing activities are balanced through the 
protein:RNA ratio, but detailed kinetic studies supporting this hypothesis are still lacking 
(Cristofari and Darlix, 2002; Martin and Bushman, 2001). 
 
1.4.7. Non-protein factors 
 
Besides proteins, non-protein compounds can support RNA folding. Due to some 
shared properties, these chemicals can give insights into the mechanisms employed by 
annealer proteins and RNA chaperones. 
Inside the cell, nucleic acids are bound non-specifically by the polyamines spermidine, 
spermine and putrescine (Igarashi and Kashiwagi, 2000)., They consistently aid RNA 
folding in vitro through stabilization of secondary and tertiary structures and the 
acceleration of annealing (Moghaddam et al., 2009; Nedbal et al., 1997b). The polyamine 
effect seems to obey the same rules applicable to metal ions: RNA structure stabilization 
increases with higher charge density, and a large excluded volume upon binding is 
detrimental for ribozyme folding, probably due to impaired RNA compaction (Koculi et 
al., 2004). However, the charge separation through carbon atoms makes polyamines 
comparable to simple peptides composed of arginines and lysines and therefore simple 
model systems for annealing acceleration. Enhanced refolding between two competing 
RNA hairpin structures was explained by the ∆G decrease of both structures as well as the 
transition state (Furtig et al., 2010). As a consequence, the activation energy of the 
transition is lowered.  
Urea has been long known to destabilize not only protein but also nucleic acid structure 
(Klump and Burkart, 1977). Due to its energetically favorable interaction with base amides 
that are more accessible in non-base paired nucleic acids, the single-stranded form is 
preferred in the presence of the denaturant (Hong et al., 2004). Interestingly, the addition 
of urea to ribozymes and interchanging RNA hairpins accelerated their folding rates 
(Furtig et al., 2010; Pan et al., 1997; Pan and Sosnick, 1997). This effect might be due to a 
∆G increase of the competing structures which brings them closer to the transition state in 
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energetic terms. Thus, as with stabilizing polyamines, the activation energy between the 
two structures is lowered.  
In addition to the above chemicals, a few cellular osmolytes such as proline, glycine 
betaine and TMAO have (de)stabilizing effects on secondary and tertiary RNA interactions 
at high concentrations (Lambert and Draper, 2007; Schwinefus et al., 2007; Semrad and 
Green, 2002). While some chemicals are generally stabilizing or destabilizing, the effect of 
others depends on the RNA substrate they are tested on (Lambert and Draper, 2007). 
 
1.5. Examples for RNA structure modulating proteins 
 
As was hinted in the last chapter, many detailed studies on the RNA remodeling 
activities of HIV-1 Ncp7 exist which have given valuable insights into the mechanisms of 
nucleic acid chaperone and annealing activity. However, experimental data obtained with 
other proteins still can greatly add to the current knowledge. This chapter shortly 
introduces the two model peptides that are used in this study. 
 
1.5.1. The HIV-1 Tat protein 
 
The Tat protein is conserved among all primate lentiviruses, demonstrating its 
importance for viral replication (Jeang et al., 1999). As with many viral proteins, Tat has 
been associated with several cellular processes. Here, the processes involving Tat-RNA 
interactions are briefly reviewed as well as the protein’s structural features and its RNA 
remodeling activties.  
The best described function of HIV-1 Tat is the transactivation of transcription of the 
viral multi-exonic pre-mRNA (for reviews see for example Brigati et al., 2003; Jeang et al., 
1999; Jones and Peterlin, 1994). In the absence of Tat, transcription through Polymerase II 
is aborted after the synthesis of the first 55-60 nucleotides which are sufficient to form the 
TAR structure (Ratnasabapathy et al., 1990). Via interaction with this RNA, Tat recruits 
the cellular P-TEFb complex containing Cyclin T and the kinase Cdk9 to the promoter 
(Mancebo et al., 1997) and activates the complex by releasing it from the 7SK RNA (He 
and Zhou, 2011). While Cyclin T associates with Tat and the TAR loop region, the kinase 
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phosphorylates the CTD of Polymerase II and thus stimulates elongation (Gold et al., 
1998; Wei et al., 1998). Via this direct effect as well as indirect effects such as the 
stimulation of general transcription factors (Demarchi et al., 1999), Tat is able to stimulate 
transcription by several hundred times (Berkhout et al., 1989). 
One part of the cellular interferon-induced virus defense machinery involves the RNA- 
activated protein kinase (PKR) (Langland et al., 2006). Upon binding of foreign double-
stranded RNA the kinase dimerizes and subsequently phosphorylates many cellular and 
viral proteins, among which is the translation initiation factor eIF2α. Phosphorylation of 
eIF2α inhibits the recycling of eIF2 and thus suppresses the production of both host and 
viral proteins. Tat has been suggested to variously inhibit PKR activity via protein- and 
RNA-dependent interactions, by competition with PKR’s native substrates for binding, 
inhibition of PKR-autophosporylation and via the sequestration of double-stranded RNA 
(Brand et al., 1997; Cai et al., 2000). 
Because mutation of the Tat gene abolishes the production of viral DNA after infection 
of a cell with the defective virions, Tat is believed to play an important role at some step of 
reverse transcription (Harrich et al., 1997). A few studies assign Tat a similar activity as 
the RNA chaperone Ncp7 and believe it to catalyze important RNA and DNA refolding 
and strand transfer events (Boudier et al., 2010; Guo et al., 2003; Kuciak et al., 2008). 
Other groups, however, see Tat’s importance rather in the preparation of reverse 
transcription during virion production, for example via protein-protein interactions 
(Harrich et al., 1997; Ulich et al., 1999; Wang et al., 2010). 
Other cellular processes to which Tat has been linked are 5’ capping (Chiu et al., 2002; 
Zhou et al., 2003) and splicing of the viral transcript (Berro et al., 2006; Jablonski et al., 
2010), interaction with the siRNA machinery (Bennasser et al., 2005; Lin and Cullen, 
2007; Sanghvi and Steel, 2011) and the induction of apoptosis (Li et al., 1995). 
 
At different time points of the viral life cycle, Tat is either expressed as a one-exon 
protein (72 amino acids) or as a two-exon form (86 or 101 amino acids depending on the 
isolate) (Jeang et al., 1999; Malim et al., 1988). While the second exon is less well studied, 
intensive functional analyses exist for the first exon (reviewed by Jeang et al., 1999). 
According to these, exon 1 can be divided into five domains of different amino acid 
content and function (figure 1.5.1) (Garcia et al., 1988; Kuppuswamy et al., 1989). The 
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acidic N-terminal domain comprising amino acids 1 to 21 is rich in proline and tolerates 
single amino acid mutations better than any of the other domains of exon 1. The following 
cysteine-rich domain spanning amino acids 22 to 37 has the potential to form disulfide 
bridges or to complex Zn2+ (Jeang et al., 1999; Tahirov et al., 2010). Together with the 
core domain (amino acids 38 to 47), these two regions constitute the activation domain 
necessary for processive viral transcription. TAR RNA binding is facilitated by the basic 
domain spanning amino acids 48 to 57 (Delling et al., 1991; Kuppuswamy et al., 1989; 
Weeks et al., 1990). The basic amino acids alone bind RNA only non-specifically which is 
stressed by the fact that they can be substituted with basic stretches of different origin 
(Subramanian et al., 1991); full specificity of TAR binding is conferred by amino acids 
from the core domain. Tat binding was localized to the bulge region of TAR where the 
protein recognizes several backbone phosphates and makes specific contacts to some of the 
bases in the major groove (see chapter 1.1) (Rana and Jeang, 1999). In addition to the RNA 
binding site, the basic domain also contains the signals for nuclear localization and uptake 
of Tat from the extracellular environment (Chang et al., 1995; Subramanian et al., 1991). 
The basic amino acids from this domain largely contribute to the protein’s high overall pI 
of around 9.6 (calculated using the ExPASy pI/MW tool and the amino acid sequence of 
reference strain HXB2). The residual part of exon 1 (amino acids 58 to 72) is enriched in 
glutamine and seems to further enhance transcriptional activation in an as yet unidentified 
way (Kuppuswamy et al., 1989). Within the second exon short conserved motifs were 
found that might be important for the interaction with other ligands (Brake et al., 1990; 
Huigen et al., 2004). 
 
 
Figure 1.5.1: Domains of the HIV-1 Tat protein (sequence and numbering from the reference 
strain HXB2). Amino acid codes are as follows: red- aspartic or glutamic acid (negatively charged 
residues); yellow- proline; grey- cysteine; dark blue- arginine, lysine (positively charged amino 
acids), light blue- glutamine. The location of the fragment Tat(44-61) within the full-length protein 
is indicated (sequence according to Kuciak et al., 2008). 
Introduction 
51 
Several groups attempted to determine the structure of unbound Tat with conflicting 
results (Bayer et al., 1995; Grégoire et al., 2001; Peloponese et al., 2000, Boehm et al. 
unpublished (PDB ID 1TBC)). The reason for the discrepancies is the high flexibility of 
the complete protein and the resulting absence of a fixed structure (Shojania and O'Neil, 
2006; Shojania and O'Neil, 2010; Vendel and Lumb, 2003). This feature was suggested to 
enable Tat to interact with a large number of binding partners and thus to carry out the 
multitude of functions mentioned above. As observed for many intrinsically unstructured 
proteins, binding of ligands might induce more defined local and global structures within 
Tat (Dyson and Wright, 2005). Indeed, the activation domain adopts a precise 
conformation upon binding to Cyclin T1 and Cdk9 in order to facilitate a maximal 
interaction surface (Tahirov et al., 2010).  
Recently, the full-length Tat protein (from strain D.KR.04.04KBH8, group M, subtype 
D) as well as some of its fragments have been tested positive in different RNA and DNA 
annealing and chaperone assays (Kuciak et al., 2008). Earlier hints at Tat’s RNA 
remodeling activity stem from a hammerhead ribozyme assay carried out by Herschlag et 
al. (1994) and strand transfer assays by Guo et al. (2003). The shortest active fragment 
Tat(44-61) is made up of only 18 amino acids of which eight are basic (figure 1.5.1). This 
peptide should bind TAR RNA specifically and any RNA non-specifically. 
 
1.5.2. The E. coli protein StpA 
 
As we recently wrote a detailed review about the E. coli protein StpA and its activities, 
the reader is referred to the attachment of this thesis for a full discussion on this topic. At 
this point, the protein will only be briefly introduced. 
The StpA protein (suppressor of the td- phenotype A) was first identified as a protein 
that could rescue a splicing deficient td group I intron mutant in E. coli (Zhang and Belfort, 
1992; Zhang et al., 1995). The same group established that this ability was due to its RNA 
chaperone activity, contrasting with the two specifically binding splicing factors Cyt-18 
and CBP2. Since then, the H-NS-like protein has become one of the best studied RNA 
chaperones- its annealing and strand destabilizing activities have been analyzed in various 
assays and detailed information about its RNA binding properties are available (Clodi et 
al., 1999; Cusick and Belfort, 1998; Mayer et al., 2007; Mayer et al., 2002; Rajkowitsch 
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and Schroeder, 2007a; Waldsich et al., 2002; Zhang et al., 1995; Zhang et al., 1996). StpA 
shows the typical features of an RNA chaperone, including weak interactions with its RNA 
substrates, a high amount of positively charged amino acids, a high predicted disorder and 
dispensability of the protein after the folding reaction is completed. Besides the full-length 
protein, the 45 amino acid long C-terminal domain was shown by some groups to harbor 
annealing and chaperone activity (Cusick and Belfort, 1998; Mayer et al., 2007; 
Rajkowitsch and Schroeder, 2007b; Zhang et al., 1995). For these reasons, StpA as well as 
its C-terminal domain are valuable model systems to study RNA annealing and chaperone 
activity. 
 
1.6. Scope of the thesis 
 
The mechanistic details of RNA annealing and chaperone activity were to be studied to 
complement the current knowledge. As a model system the HIV-1 Tat(44-61) peptide was 
selected, specifically because of its short length and its concomitant suitability for detailed 
mutational analysis. However, contrary to published data, the peptide as well as the full-
length Tat protein proved inactive in different strand displacement and ribozyme folding 
assays. The focus of the project was therefore changed towards the analysis of the Tat 
peptide’s annealing activity using biochemical and biophysical methods. The mechanism 
for annealing acceleration of the peptide as well as the amino acid requirements were to be 
determined. In collaboration with Boris Fürtig, the RNA chaperone StpA was studied with 
respect to its mechanistic aspects. Together, the results were aimed at a better 
understanding of proteins that harbor both annealing and strand displacement activity. In 
addition to the mechanistic studies, it was to be tested whether Tat’s annealing activity has 
biological implications. Therefore, RNA substrates mimicking potential biological 
refolding events were to be designed and Tat’s influence on these was to be tested in vitro. 
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2. Results and discussion 
 
2.1. The RNA annealing mechanism of the HIV-1 Tat peptide: conversion of the 
RNA into an annealing-competent conformation 
 
Doetsch, M., Fürtig, B., Gstrein, T., Stampfl, S., Schroeder, R. (2011). Nucleic Acids 
Research 39(10): 440-4418. (Copyright 2011 Oxford University Press) 
 
Contribution of the publication to the overall thesis 
In this study, the molecular mechanism of the recently identified annealer peptide 
Tat(44-61) is elucidated. The mechanism concerns the conversion of single-stranded RNA 
conformations to increase the probability of base pairing after the encounter of two 
complementary RNAs. It is distinct from those described for other proteins with the same 
activity. The study therefore contributes to our overall understanding of annealing 
acceleration in RNA remodeling. 
 
Author’s contribution 
Martina Dötsch contributed figures 1 to 6, tables 1 and 2 as well as the supplementary 
table S1 and supplementary figures S1 to S9. The results shown in figure 7 were obtained 
in collaboration with Boris Fürtig. The manuscript was written by Martina Dötsch except 
for the paragraph ‘Tat(44-61) favors an annealing-competent RNA structure’. The author’s 
contribution to writing this segment was approximately 20%. 
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2.2. The Tat peptide stabilizes dsRNA in a sequence non-specific manner  
 
RNA folding can be either kinetically or thermodynamically controlled (Herschlag, 
1995; Wickiser et al., 2005) (see chapter 1.3.6). Pertinently, cellular factors such as small 
molecules and proteins can influence RNA folding on either of these levels. Specifically, 
this is through the stabilization or destabilization of certain RNA structures, such as 
double-stranded regions, or certain states, such as the transition state (Mahen et al., 2005; 
Mahen et al., 2010; Muller et al., 2001; Munroe and Dong, 1992). In the last chapter the 
focus was on the kinetic influence of the Tat peptide on the annealing reaction; this chapter 
deals with the peptide’s influence on a thermodynamic level. 
 
Tat(44-61) increases the melting temperature of double-stranded 21R 
Tat(44-61) does not destabilize RNA secondary structures, as was shown in a strand 
displacement assay (chapter 2.1). This assay is, however, not able to detect a protein’s 
potential stabilizing influence on helices as the equilibrium of the used 21R substrate is 
completely on the side of the double-stranded state under the experimental conditions.  
In order to study the Tat peptide’s influence on thermodynamic stability, I carried out 
UV melting studies using double-stranded 21R RNA as a substrate (figure 2.2.1). Melting 
temperatures, the unfolded fractions α at each temperature as well as the derivatives dα/dT 
were calculated from the obtained curves using a baseline method (Mergny and Lacroix, 
2003; Plum and Bloomfield, 1990). In the presence of Tat(44-61) the position on the x-axis 
as well as the slope of the melting curves were altered in a concentration-dependent 
manner. Significantly, the melting temperature of the double-strand was greatly increased, 
with a maximum ∆Tm of 19.9 °C at a molar RNA to peptide ratio of 1:8 (a peptide:base 
pair ratio of 1:3, figure 2.2.1 A and B). Above this ratio the increase in the melting 
temperature plateaued, indicating saturating ligand quantities. Furthermore, low to medium 
peptide concentrations significantly broadened the melting transition, with a maximum 
breadth at a peptide to base pair ratio of 1:11 (figure 2.2.1 A and C). With increasing 
peptide:base pair ratios the transition narrowed such that at saturating peptide levels the 
steepness of the curve equaled that of the RNA only reaction. Importantly, two distinct 
melting transitions were visible at a peptide to base pair ratio of 1:11 (a molar 
RNA:peptide ratio of 1:2). These will be discussed later in the chapter.  





Figure 2.2.1: Tat(44-61) increases the melting temperature of an artificial double-stranded 
RNA substrate. (A) UV melting curves of 500 nM ds21R in the presence and absence of Tat(44-
61) were recorded (in 10 mM sodium cacodylate-HCl pH 6.8, 0.5 mM EDTA, 10 mM NaCl) and 
the fraction of the unfolded RNA form α = unfolded/(folded + unfolded) was determined. The 
peptide shifted the melting of the double-strand to a higher temperature and changed the steepness 
and breadth of the melting transition. NOTE: At a peptide to base pair ratio of 1:11 a biphasic 
melting transition was observed. (B) The Tat(44-61)-dependent increase of the ds21R melting 
temperature saturates at high peptide to base pair ratios. (Mean values and standard deviations were 
calculated from three to five independent experiments.) (C) The first derivative of α illustrates the 
breadth of the melting transition as well as biphasic behavior at the peptide to base pair ratio of 
1:11. (D) Calculated Tms identical to the ones in panel (B) and estimated melting temperatures for 
the two separate transitions at a peptide to base pair ratio of 1:11. 
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Tat(44-61) also increased the melting temperature of double-stranded 21D DNA 
(figure 2.2.2). However, UV melting measurements on  double-stranded DNA proved to be 
difficult because peptide concentrations of 500 nM already caused strong signal 
fluctuations, potentially indicating peptide-induced DNA precipitation. To check for 
sample integrity after the UV melting experiment, Cy5- and Cy3-labeled DNAs were used. 
Native gels run to exclude degradation showed a lower fluorescent signal intensity than 
was expected for the applied DNA concentration (data not shown). In fact, the 
precipitation of DNA by polyamines and multivalent cations is a well-known and well-
described phenomenon (Nguyen et al., 2000; Raspaud et al., 1998), whereas dsRNA seems 
to be more resistant to cation-induced aggregation as a consequence of different geometries 
and physicochemical properties of the two nucleic acid molecules (Li et al., 2011). 
Therefore, a detailed comparison of peptide-facilitated stabilization of RNA and DNA 
double-strands was not possible. 
 
 
Figure 2.2.2: Tat(44-61) increases the melting temperature of an artificial double-stranded 
DNA substrate. (A) UV melting curves of 500 nM ds21D in the presence and absence of 
equimolar amounts of Tat(44-61) were recorded (in 10 mM sodium cacodylate-HCl pH 6.8, 
0.5 mM EDTA, 10 mM NaCl) and the fraction of the unfolded DNA form 
α = unfolded/(folded + unfolded) was determined. Calculated melting temperatures were 
49.7 ± 0.2 °C (DNA only) and 52.1 ± 0.7 °C (peptide to base pair ratio = 1:21). (B) The first 
derivative of α illustrates the change of the breadth of the melting transition in the presence of 
peptide. 
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The thermodynamic stabilization of double-stranded RNA by the Tat peptide can be 
compared to the electrostatic screening of the RNA surface by smaller counterions such as 
salt and spermidine. It should be noted, however, that the peptide is much larger and more 
flexible than the ions Na+, K+ and Mg2+ which screen RNA.  
The stabilization of RNA secondary (and tertiary) interactions through mono-, di- and 
multivalent ions can be described in terms of pure electrostatic interactions between 
positively charged atoms or groups and the RNA backbone phosphates (Koculi et al., 
2004; Manning, 1972; Plum and Bloomfield, 1990; Record, 1967). When the bulk solution 
is of low ionic strength, RNA phosphate groups are not effectively neutralized and thus 
entropic forces cause nucleic acid molecules to exist in an extended, non-base paired form. 
When sufficient counterions are present, the negative sugar-phosphate backbone charges 
are neutralized allowing a compaction of the nucleic acid polymer which is necessary for 
the enthalpically favorable base pair formation (Schildkraut, 1965). The compaction 
efficiency of the counterion is largely dependent on its valence and on its excluded 
volume, as larger molecules are restricted in their ability to approach the RNA surface. 
Furthermore, a spatial distance of positively charged atoms or groups matching the 
approximate backbone phosphate spacing was found to further enhance the neutralization 
ability of a counterion (Koculi et al., 2004). As the electrostatic field is stronger in double-
stranded nucleic acid molecules than in their single-stranded form, counterions prefer 
binding to the condensed form (Plum and Bloomfield, 1990).  
Crothers (1971) deduced that the increase of the melting temperature by small 
positively charged ligands is generally related to their preferential binding to the duplex 
versus the single-stranded form. In mathematical terms, the ligand-induced difference in 
melting temperature Tm is described by 
 






⋅⋅=Δ 1ln1ln'                    [2.1] 
 
(R- ideal gas constant, Tm’- melting temperature in the presence of ligand, ∆H- enthalpy of 
duplex formation, Bds- ligand binding sites per bp, Kds- binding constant for the double-
strand, a- chemical activity of the ligand, Bss- ligand binding sites per nt, Kss- binding 
constant for the single-strand) 
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As heat is released during base pair formation, ∆H is a negative term. Thus, ∆Tm becomes 
positive when 
 ( ) ( )aKBaKB dsdsssss ⋅+⋅<⋅+⋅ 1ln1ln                              [2.2]. 
 
This relation is fulfilled in the case where more ligand binding sites are available on the 
double-strand than on the single-strand (Bss < Bds, assuming equal binding constants Kss 
and Kds) or in case the ligand binds more tightly to the double-stranded form (Kss < Kds, 
assuming an equal amount of binding sites Bss and Bds). Mixed scenarios are, of course, 
also possible. For the Tat peptide, the first case is unlikely for spatial  reasons - the double-
stranded RNA is much more compact than the single-stranded form. Therefore, 
preferential binding of Tat(44-61) to the double-stranded form can be concluded from the 
increase of the nucleic acid melting temperature.  
 
To support this interpretation, filter binding assays were carried out with Tat(44-61) 
and double-stranded 21R as well as single-stranded 21R+ (data not shown). However, KDs 
and Hill factors for both reactions were almost completely identical within the error range. 
Instead of contradicting the interpretations of the melting transitions, these results most 
probably argue for a poor applicability of the filter binding approach to the Tat peptide-
RNA system. Notably, the peptide size was close to the minimum protein molecular 
weight that can still be retained by the nitrocellulose filter used (product information of 
Amersham HybondTM ECLTM). Other commonly used methods for the exact determination 
of binding constants such as gel shift assays, isothermal calorimetry, quenching assays all 
had their specific limitations concerning this system and thus could not be applied 
successfully. We estimated the dissociation constants for single-stranded as well as double-
stranded RNA to be in the low micromolar range, however. 
 
An interesting observation is the biphasic melting behavior at a molar RNA to peptide 
ratio of 1:2. An explanation for this phenomenon was delivered by Crothers (1971) who 
considered a case in which about half of the binding sites within a large DNA molecule 
(such as genomic DNA) are occupied with ligand. The fraction of the helix form decreases 
with increasing temperature and thus the number of accessible ligand binding sites on the 
helix are reduced. As a consequence, the remaining helix segments are strongly stabilized 
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by the available ligand molecules and two apparent populations are detected in the melting 
profile. With the nucleic acid molecule being rather short in this case, the above 
explanation can be adjusted in the following way. Considering the molar ratio (500 nM 
RNA and 1 µM peptide) and an approximate KD of 1 µM, only about half of the RNA 
double-strands are bound by a peptide molecule. Judging from the derivative dα/dT (figure 
2.2.1 C), the mixture indeed contained a completely unbound RNA population and a 
population of RNAs bound by presumably one peptide molecule. This situation seems 
realistic considering the equilibrium that must exist between bound and unbound peptides, 
especially taking into account the low affinity of Tat(44-61) for the RNA substrate (see 
chapter 2.1). At higher peptide to base pair ratios, all RNA molecules are covered with 
ligand so that different populations cannot be discriminated from the melting transitions. 
Presumably, once the RNA is bound by one or more peptide molecules the addition of 
another molecule does not result in a strong enough stabilization effect to allow a 
resolution of these two RNA populations. Then, instead of several distinct transitions being 
visible the melting transition broadens. Expressed in mathematical terms, the breadth of the 
melting transition is inversely correlated with the ratio rds/Bds, with rds being the average 
ligand binding and Bds being the amount of binding sites per base pair (Crothers, 1971). As 
the average binding rds increases with increasing ligand concentration, the transition 
breadth correspondingly narrows. 
 
Kinetic and thermodynamic influence seem to be connected, but are distinct from each 
other 
As aforementioned, Tat(44-61) prefers binding to the double-stranded over the single-
stranded form. RNA binding by the peptide results in an increase of the free energy of the 
single-stranded and double-stranded form with 




binddsbindss GG ,, Δ<Δ      [2.4]. 
 
Through the coupling of the equilibrium constant K to the stabilities of the two 
interconverting structures with 
 







=         [2.5], 
 
the Tat peptide increases the equilibrium constant K of the transition between the single-




Figure 2.2.3: Tat(44-61) stabilizes an RNA duplex by preferential binding to the double-
stranded form and thus shifts the equilibrium towards the double-strand. Binding of the 
peptide to the two different structures increases their stability by ∆Gbind with |∆Gds,bind| > |∆Gss,bind|. 
Through the coupling of stabilities and the equilibrium constant, the peptide thus shifts the 
equilibrium of the reaction to the side of the double-stranded molecules.  
 





kK =       [2.6]. 
 
In the last chapter, it was shown that the Tat peptide increases the apparent rate constant 
kobs of an annealing reaction. The constant kobs does not equal k1, as it contains at least the 
rate of the back reaction k2 in addition to k1. Measuring very far away from the 
equilibrium, however, ensures that k1 accounts for a large part of kobs. The effect of the 
peptide on the annealing reaction should be an enhancing one, independent from how close 
the reaction is to the equilibrium. Thus, it can be concluded that Tat(44-61) increases the 
rate constant k1. Furthermore, the peptide might decrease k2 which is consistent with a 
stabilization of the double-strand and a consequent increase of the activation energy 
necessary to break the Watson-Crick base pairs (see chapter 1.3.6). Mathematically, an 
increase of k2 is also in line with the experimental data so long as the increase of k1 is large 
enough to ensure an increased equilibrium constant K. The lack of strand displacement 
activity of the peptide, however, argues against an increased k2. 
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Despite opposing evidence from NMR data (chapter 2.1), the question as to whether 
the annealing acceleration through Tat(44-61) is solely a product of its preferential binding 
to the double-stranded RNA form and the coupling between the equilibrium constant and 
the rate constants arose. To address this, UV melting curves of the double-stranded 21R 
RNA were recorded in the presence of the same scrambled peptides that had been used for 
the analysis of annealing acceleration (figure 2.2.4). For these measurements a peptide to 
base pair ratio of 1:5 (molar ratio of 1:4) was chosen because of the observed monophasic 
behavior of the melting transition at this peptide concentration (see figure 2.2.1 A, C).  
 
 
Figure 2.2.4: The extent of helix stabilization is influenced by the arrangement of amino acids 
within the peptide ligand. (A) Amino acid sequences of the wildtype peptide and the three Tat(44-
61)-derived scrambled peptides used for annealing studies in chapter 2.1. (B) UV melting curves of 
500 nM ds21R in the presence and absence of scrambled peptides were recorded (in 10 mM 
sodium cacodylate-HCl pH 6.8, 0.5 mM EDTA, 10 mM NaCl) and the fraction of the unfolded 
RNA form α = (unfolded/folded + unfolded) was plotted as a function of the temperature T. The 
peptide to base pair ratio was 1:5 (molar RNA to peptide ratio of 1:4) in all cases. (C) The three 
scrambled peptides narrow the breadth of the melting transition in comparison to the wildtype 
peptide. (D) Overview over the calculated Tms. (Mean values and standard deviations were each 
calculated from at least three independent experiments each.) 
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In addition to the extent of the melting temperature increase, a narrower melting 
transition was also observed for all three scrambled peptides (figure 2.2.4 C). As was 
alluded to earlier in this chapter, the breadth of the melting transition is dependent on the 
ratio of average ligand binding rds and the number of available ligand binding sites per base 
pair Bds (Crothers, 1971). The higher this ratio, the narrower the transition, following either 
an increase in average binding rds (an increased affinity constant) or a decrease in binding 
sites per nucleotide Bds. Considering that the scrambled peptides scr1 and scr3 stabilize the 
double-strand less efficiently than the wildtype peptide, it can be concluded that fewer of 
these molecules can bind per base pair; in other words, they require a larger binding site on 
the RNA helix than Tat(44-61). Conversely, the relative affinity of the scrambled peptide 
scr2 to the helix as compared to the coiled form is higher than the relative affinity of the 
wildtype peptide. This altered affinity might result from scr2 being able to approach the 
RNA surface closer than the wildtype peptide. Alternatively, the spatial arrangement of 
positively charged groups within the scr2-RNA complex might allow more ionic 
interactions with the backbone phosphate groups than are found in the wildtype-RNA 
complex. Koculi et al. (2004) found that 1,2-ethandiamine stabilized the Tetrahymena L-21 
ribozyme tertiary structure more effectively than diamines with wider spaced amino 
groups. This observation was explained by the fact that the distance of the molecule’s 
amino groups equaled the average distance between two adjacent phosphate groups (5.5-
6 Å) (Koculi et al., 2004). Modeling peptide structure with specific algorithms such as 
Robetta and I-Tasser unfortunately did not yield any meaningful information on the 
spacing of positive charges within either Tat(44-61) or the mutated or the scrambled 
peptides. Furthermore, due to their high flexibility, the adopted conformations of all 
peptides within the complex with nucleic acids most probably differ significantly from the 
conformations seen in the unbound states.  
In summary, the helix stabilization activity decreased in the order  
scr2 > wildtype > scr3 > scr1. 
The activities of the peptides in the annealing acceleration assay, however, were ranked 
wildtype > scr1 > (scr2 ≈ scr3)  (see chapter 2.1). 
For example, the ability of the scrambled peptide scr2 to bind to the double-stranded RNA 
with higher affinity than the wildtype peptide did not facilitate a more efficient annealing 
acceleration. Thus, although the influence on a thermodynamic level also affects kinetics 
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(as is obvious from equations [2.5] and [2.6]), the peptide’s ability to shift the equilibrium 
through selective stabilization of the double-strand does not solely account for its 
annealing acceleration activity. Thus, evidence exists in addition to the data shown in 
chapter 2.1 that a different activity, namely the conformational modification of the RNA 
single-strand through Tat(44-61), plays a role in the increase of the rate constant k1. 
Thermodynamic stabilization and annealing acceleration require a special optimal spacing 
between the positively charged amino acids, which explains the different performance of 
the wildtype and the scrambled peptides in double-strand stabilization (UV melting) and 
RNA annealing assays. 
The assumption that annealing acceleration and double-strand stabilization are two 
distinct activities is further supported by information obtained from UV melting and 
annealing assays carried out in the presence of StpA (see chapter 2.3). Unlike Tat(44-61), 
StpA decreases the melting temperature of a small RNA hairpin. Consistent with the UV 
melting curve theory, it binds single-stranded RNA with a higher affinity than double-
stranded RNA. Its destabilization activity is thus probably partly due to capturing of the 
single-stranded regions of breathing double-strands. However, it also accelerates annealing 
of short complementary RNAs which is an apparently opposing activity. If helix 
destabilization is considered a thermodynamic effect and annealing acceleration a kinetic 
effect, however, the two activities of the protein no longer contradict each other. 
It should be noted that for more precise statements, detailed kinetic data, binding 
constants and modeling of the interaction of the scrambled peptides scr1 to 3 with the RNA 
substrate would be needed. This would permit to draw a complete picture including the 
peptide’s influence on both the double-stranded and the single-stranded level and on the 
transition state. The fact that the transition state is experimentally not readily accessible 
complicates the analysis further, making the analysis unfeasible within the given time 
frame of this work. However, the problem is an interesting one for ongoing work in this 
field. 
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2.3. Dynamic interactions with the chaperone CTD-StpA render RNA molecules 
folding competent 
 
Fürtig, B., Doetsch, M., Stampfl, S., Kontaxis, G., Schroeder, R.. Manuscript in 
preparation. Submission to Nature Structural and Molecular Biology, Nature or Nature 
Chemical Biology intended. 
 
Contribution of the publication to the overall thesis 
E. coli StpA accelerates nucleic acid annealing, but it also destabilizes double-stranded 
RNAs. The combination of these two apparently contradictory activities equips the protein 
with remodeling abilities quite distinct from a mere annealing protein such as HIV-1 Tat. 
The protein is therefore another important object of study for the understanding of protein 
facilitated RNA structural remodeling. 
 
Author’s contribution 
The introduction of the paper was written by Martina Dötsch as well as parts of the 
discussion section. She contributed significantly to ideas for experiments, the interpretation 
and discussion of results and the improvement of the manuscript in collaboration with 
Boris Fürtig. 
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ABSTRACT 
The C-terminal domain of the E. coli RNA chaperone StpA (CTD-StpA) displays 
both RNA annealing and strand displacement activities. Using NMR approaches we 
defined the sources of energy needed for the structural destabilization of the RNA. 
Contrary to computational predictions, CTD-StpA is a well folded but dynamic 
protein. Its structural fold is similar to that of its homolog protein H-NS presenting a 
positively charged surface of high plasticity, which interacts with the RNA. Although 
CTD-StpA interacts only transiently with the RNA, cross-links showed that the RNA 
is completely coated by peptides. Complex formation occurs via electrostatic 
interactions with the RNA backbone and can be modulated by ions. The presence of 
RNA renders the protein structurally less flexible. In contrast, the RNA gains 
conformational entropy enhancing its ability to refold into its functional structure. 
 
INTRODUCTION 
Similar to proteins, the functionality of RNA molecules relies on a distinct three-
dimensional structure as was demonstrated for tRNAs, self-splicing introns, riboswitches 
and RNA thermometers [1-3]. RNA folding, however, is more complex than protein 
folding due to the restricted number of building blocks and the abundance of Non-Watson-
Crick base pairing [4, 5]. The formation of stable tertiary interfaces can require the 
sacrificing of energetically favorable base pairs. For these reasons, the RNA molecule 
folding landscape is characterized by the coexistence of several, partly non-native 
intermediate structures that are of similar thermodynamic stability as the native fold. The 
refolding of such alternative structures is often hindered by very stable base pairs, which 
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do not open up under physiological conditions and therefore, the molecules become 
kinetically trapped [9]. 
RNA folding can be supported by external factors on different levels. Metal ions neutralize 
charges during all steps of RNA folding and are thus not only indispensable for this 
process, but can also accelerate it at high concentrations [7]. Other charged molecules such 
as polyamines or positively charged proteins have also been found to support helix 
formation [10-13]. In contrast, so-called RNA chaperones destabilize already pre-formed 
structures, which allows RNA refolding and subsequent native structure formation [9, 14]. 
These proteins interact weakly with their substrates, open up base pairs without the use of 
external energy (e.g. in the form of ATP) and thus optimize base pairing and tertiary 
interactions to reach the thermodynamically most stable structure. Consequently, their 
mode of refolding is in strong contrast to the mechanism of specifically binding proteins, 
which stabilize a defined RNA conformation [15]. Some RNA chaperones show both 
activities, they support nucleic acid annealing and destabilize base paired regions. 
While acceleration of annealing has been extensively studied on a molecular level [11, 16-
19] the mechanism of acceleration of strand displacement is still not well understood. For 
the helix destabilization activity, two potential ATP-independent mechanisms can be 
envisioned [15]. The first mechanism involves an induced fit upon protein-RNA binding. 
In this case, the energy necessary for opening existing base pairs preceding RNA refolding 
events is delivered by newly formed strong intermolecular interactions [20]. This implies 
the formation of a specific complex between protein and RNA as was shown for the 
proteins CBP2 and Cyt-18 and their specific group I intron RNA substrates [21-24]. 
Considering that RNA chaperones exert their activity on substrates non-specifically and 
interact with them transiently, the ‘induced fit mechanism’ can be disqualified for this 
protein class. Based on the finding that RNA chaperones seem to have large unstructured 
domains [25, 26], Tompa and Csermely [27] proposed the ‘entropy transfer model’. Using 
the PONDR algorithm they demonstrated that a large fraction of known protein chaperones 
might be largely disordered or contain unfolded domains. They proposed that, similarly to 
protein chaperones, an interaction between protein and RNA would result in a loss of 
flexibility in these unstructured protein domains while the RNA would gain flexibility at 
the same time. Thus, an entropy transfer between these two molecules would solve the free 
energy problem. This model has however not been experimentally validated. 
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One well-studied RNA chaperone is the E. coli protein StpA which interacts with both 
DNA and RNA and is considered to be a pleiotropic gene regulator [28]. The protein that 
is a homologue to H-NS, has been shown to catalyze nucleic acid annealing and 
destabilization in a variety of assays in vitro [29-31] as well as in vivo [32-35]. Similar to 
H-NS, StpA is composed of an N-terminal dimerization domain and a C-terminal domain 
(CTD-StpA) onto which the RNA chaperone activity of the protein has been mapped [36]. 
Notably, a genomic SELEX failed to identify any RNA sequence preference for StpA [30]. 
This characteristic enables StpA to support the refolding of a great spectrum of RNA 
molecules. 
Although many biochemical studies on nucleic acid chaperones exist [14], so far only very 
few groups examined the influence of the protein-nucleic acid interaction on RNA 
structure on a nucleotide level. These studies were carried out, by the means of NMR or 
single-molecule FRET (smFRET) [37-39]. More importantly, no studies have so far been 
carried out on the structural changes that are induced in the protein upon interaction with 
nucleic acids. We therefore employed NMR techniques to probe RNA induced structural 
changes within the protein as well as for changes in RNA structure and dynamics under 
influence of the chaperone. 
Our data show that, in spite of several bioinformatic predictions including the PONDR 
algorithm, the CTD of StpA is a folded, but dynamic protein. Consistent with earlier 
findings, the protein interacts loosely with RNA molecules through electrostatic 
interactions between positively charged basic amino acids and the RNA phosphate 
backbone. And several protein molecules are coating one RNA molecule simultaneously. 
We show that the protein destabilises a model RNA helix locally and globally. At the same 
time, the dynamics within the protein partially decrease and thus some of its 
conformational energy can be transferred to the RNA in the form of entropy. Based on 
these data, we propose a model calculation that explains how the energy changes provided 
by electrostatic screening and entropy transfer increase the rate of refolding in the RNA. 
 
RESULTS 
The CTD of StpA is a fully functional RNA chaperone 
The catalytic activity of the model RNA chaperone StpA from E. coli is located in its C-
terminal domain (aa 89-134). This domain forms a stable product by limited proteolysis 
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and is responsible for RNA and DNA binding [36]. In contrast, no RNA chaperone activity 
can be addressed to the N-terminal domain (aa 1-76) of the protein, which is functionally 
responsible for the homo- [30] or hetero-dimer [40] formation. We therefore use the 45 
amino acids long CTD of StpA for structural and functional studies of its chaperone 
activity. First, the over-expressed and purified protein was tested under low-salt NMR 
conditions in FRET-based chaperone assays (figure 1a, d) using two complementary model 
RNAs (table S1) that had been designed devoid of any secondary structures  [41]. The 
CTD of StpA was found to be an active enhancer for both RNA annealing and strand 
displacement. It increases the rate of annealing approximately by a factor of four (figure 
1b, c). Moreover, it promotes RNA strand displacement. In the absence of protein, no 
displacement of a preformed stable 21mer RNA duplex is observable, whereas in the 
presence of CTD-StpA an unlabelled competitor strand readily competed with the akin 
labelled strand in the original duplex (figure 1e, f). The enhancement of both activities is 
dependent on the ratio of CTD-StpA to RNA. At ratios below as 0.5:1 enhancement of 
annealing cannot be measured beyond error-range and displacement is only promoted in a 
sub-fraction of the RNA molecules (approx. 20%). As protein-RNA-ratios increase, both 
rate constants increase and the amount of displaced RNA molecules approaches ≈90% -as 
judged by changes in FRET index- at a ration of ~10:1. 
 
Despite bioinformatic predictions, CTD-StpA is a folded protein 
In the light of the entropy transfer model it is important to analyse if the protein adopts a 
folded or unfolded conformation. Most prominent folding predictions, such as PONDR 
VLXT2-algorithm [42] or the meta-structure approach [43] indicate a largely unfolded 
protein or only the presence of local secondary structure elements for the C-terminal 
domain of StpA. In contrast to these bioinformatics analysis, the well dispersed NMR 
spectra of the domain demonstrate the presence of a folded oligo-peptide containing 
secondary structure elements such as α-helices and β-strands (figure S1). Additionally, 
CD-spectra and unfolding studies –the latter defining the stability of the protein with 
∆Gunfold = -8 kcal/mol – point towards a folded structure. 
The presence of positively charged amino acids is described as fundamental to the RNA 
chaperone activity.  In fact, the CTD of StpA is rich in basic residues (8 out of 45) and 
carries a net charge of +3. Therefore, it was tested if the unfolded peptide chain alone is 
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able to act as an RNA chaperone, or if not only the pure presence and density of positive 
charges but their spatial arrangement are important. Performing the RNA chaperone assay 
(figure S5) under conditions denaturing for the protein but not for the RNA (curea= 2.7 M) 
reveals that only folded CTD-StpA is able to promote folding of RNAs (figure S5). 
 
The three dimensional structure of CTD-StpA 
A full solution structure determination based on NMR restraints was performed. The 
collection of NOE contacts reveals also long-range interactions within the protein. 
Therefore a unique solution structure of the protein could be calculated based on NOE 
derived distance and backbone angle restraints extracted from secondary chemical shift 
data and 3J coupling constants. As depicted in figure 2, CTD-StpA adopts a fold that is 
similar to its sequence homologue H-NS. It therefore belongs to the H-NS histone like 
protein family not only functionally but also in a structural sense. The most prominent 
secondary structures within the domain are two helices close to the C-terminus (α-helix: 
28-36; 310-helix: 40-43). These helices are packed to the more loosely organised N-
terminal part of the domain through the protein‘s hydrophobic core which is centred 
around a central tryptophane-residue (W20). Overall, the protein structure displays a low 
atomic displacement as reflected in the low RMSD value of RMSDheavy = 1.2 Å. 
Nevertheless, residues close to the N-terminus exhibit a higher structural plasticity. The 
predicted beta-strand conformations for residues 10-12 and 15-18 are only found in a 
subset of structures within the bundle. This may indicate an inferred flexibility within this 
part of the structure. Modelling of the surface charges by NLPB-methods reveals that the 
first 20 residues form a highly positive charged surface patch which is most likely the 
interaction site for nucleic acids. As described later residues in this part of the structure 
(residues 2, 4, 7, 9, 11, 13) show strongest response upon interaction with RNA molecules. 
 
CTD-StpA interacts loosely with RNA  
Interaction between CTD-StpA and RNA were first probed in a gel shift assay. Despite 
optimization attempts, only a severe smear was detectable, that could be stained with both 
ethidium bromide and with coomassie brillant blue, indicating a co-localisation of the 
loaded protein and RNA in the gel (figure S7). Most probably the interaction between 
RNA and protein is characterised by high koff and kon values which, in conjunction to the 
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high pI = 9.7 of the protein, are detrimental to a proper bandshift in the assay. Therefore, 
determination of the dissociation constant of the protein-RNA complex was performed in a 
tryptophane-fluorescence based assay (figure S8). The determined KDs for different RNAs 
under different ionic strengths are in the µM range (table S3). The tightest interaction is 
found for single stranded RNA (21R+) with an apparent dissociation constant of 
KD = 10.5 µM. 
 
A single RNA strand contains multiple CTD-StpA binding sites 
In order to gain knowledge about the binding stoichiometry, cross-linking experiments 
were performed. The single stranded 21R+ RNA was used as a substrate for CTD-StpA. 
Within the RNA molecule uridine residues 4, 11 and 15 are replaced by 4-thio-uridine. 
Samples containing different ratios of protein versus RNA are then irradiated by UV-light 
and the complexes are subsequently analysed using silver stained SDS-PAGE (figure 3). 
Control experiments exclude a cross-link background in protein and RNA samples. The 
samples containing both protein and RNA in a range of [protein]:[RNA] ratios from 0.1 to 
0.9 show a first shifted band at apparent mass ≈ 10 kDa. At ratios [protein]:[RNA] = 1 and 
[protein]:[RNA] = 4 two further bands at apparent mass ≈ 20 kDa and apparent mass ≈ 
25 kDa appear. Notably, the third band (at the highest apparent mass) is of much lower 
intensity compared to the other bands. Nevertheless, the presence of three distinct bands in 
a concentration dependent manner leads to the conclusion that – provided a sufficient 
amount of protein is present - the whole RNA molecule can be covered, although it is not 
certain whether more than one protein are bound at the same time 
 
Electrostatic interactions are important for RNA-protein interaction and RCA 
activity of CTD-StpA  
To probe the physical nature of the interaction between StpA and RNA molecules, the 
RNA-interaction site on the protein was mapped by a titration series followed by recording 
15N-HSQC spectra. As demonstrated in figure S2, distinct peak shifts were recorded. All of 
the peaks that show a resonance shift gradually change their position with increasing 
amounts of RNA following a standard binding curve (see figure S9). None of the affected 
peaks disappear during the titration, although the intensity of the peaks decreases, which is 
nevertheless in accordance with the formation of a complex with apparent higher 
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molecular mass. As at no point of the titration a second set of signals could be detected, all 
observations are indicative of a system in fast exchange on the NMR timescale leading to 
the notion that the off-rate of the complex formation is high.  
Furthermore the shift of distinct peaks in the spectra can be assigned to certain resonances 
within the protein sequence (figure 4a, b). The most affected residues are found within the 
first 23 amino acids containing eight of the thirteen charged residues of the domain (with 6 
arginines and 7 lysines). The C-terminal part shows basically no change in chemical shift, 
except the resonance of the terminal residue (I45) that folds back towards the region that is 
affected by RNA binding (figure 2). The residues that form the positive surface stretch are 
those that are influenced most upon interaction with RNA. A similar observation is made 
during a titration of the free protein using increasing amounts of monovalent ions (here 
NaCl). Interestingly, the same resonances of the protein that show a response to RNA are 
shifted. Nevertheless, the extent of chemical shift changes is less pronounced than in the 
presence of RNA. Combining the results of both titration series leads to the proposed 
model that charge mediated interactions between the RNA and the protein are responsible 
for the formation of a functional complex and thus the RNA is recognised by its ionic 
character. In the same line of experimental evidence, a sample of the ‘RNA-StpA complex’ 
is titrated with monovalent ions. Again residues, residing in the N-terminal part of the 
protein domain, as in the previous two experiments are the ones most affected such that the 
salt reverses the effect of the RNA. When the courses of chemical shift changes are 
compared, it becomes obvious that the increasing concentration of monovalent salts 
competes the RNA off from the protein surface. The resulting spectrum is then almost 
identical to the spectrum of protein at high concentrations of salt (see figure 4c). 
A similar behaviour of the complex can be deduced from changes in the rotational 
correlation time derived from 15N relaxation rates (figure S6). For the apo-form of the 
protein the values are comparable at different salt concentrations: τcCTD-StpA alone 
(25 mM M+) = 5.3 ± 0.4 ns and τcCTD-StpA alone (250 mM M+) = 4.5 ± 0.4 ns. Upon 
interaction with RNA at low salt concentration the rotation correlation time is increased to 
τcCTD-StpA plus RNA (25 mM M+) = 9.6 ± 0.5 ns. This increase is in consistent with the 
formation of a complex between protein and RNA. In contrast, in the presence of high 
concentrations of monovalent ions the correlation time remains unaffected by the presence 
of RNA with τcCTD-StpA plus RNA (250 mM M+) = 5.3 ± 0.4 ns, indicating that the interaction 
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between protein and RNA is disrupted. In order to correlate the structural feature of the 
protein with its function, a series of strand displacement experiments were undertaken at 
different ion strength conditions. At high concentrations of monovalent ions, such as 
additional 500 mM NaCl, the ability to catalyse strand-displacement is lost and no 
exchange of RNA strands out of the duplex form can be monitored. At intermediate 
concentrations of monovalent ions, here 250 mM NaCl, the catalytic abilities of CTD-StpA 
are reduced. The effect of monovalent salt on the RNA folding reaction itself is only 
minor, as determined independently in annealing reactions at different salt concentrations. 
 
The RNA phosphate backbone is involved in chaperone-RNA interaction 
As already assumed based on the salt dependence of the interaction between CTD-StpA 
and RNA, the phosphate backbone is the key interaction site on the RNA molecule. This 
can be observed in simple titration experiments detected by 1D 31P NMR spectra of Eco 
SL RNA. As expected (figure S12b) the phosphorous atoms in the backbone of the RNA 
resonate in a small spectral window and show severe overlap of peaks. Addition of protein 
to the RNA results in changes in the spectrum and the most prominent peaks shift to low 
field and are unambiguously detectable. This is indicative of an interaction between the 
protein and the phosphate backbone and of a structural reorganisation within the phosphate 
backbone. Furthermore, when the signal of the phosphates resonate at a lower field, the 
more their conformation resembles that of single-stranded RNA. 
In order to get a high-resolution picture of the interaction site, the protein was added to a 
stable hairpin model system [46, 47]. The hairpin contains a five base paired stem capped 
by a canonical UUCG-tetraloop. Chemical shift changes are induced by addition of protein 
to the RNA, but no NOE connectivities between RNA and protein can be detected. 
Therefore, based on the chemical shift perturbations a model is generated using the 
HADDOCK [48] approach of ambiguous restraints derived from chemical shift 
perturbations in both interacting molecules. The resulting model of the complex between 
CTD-StpA and the RNA-stem loop reveals that the positive surface of the protein 
approaches the RNA backbone from the major-groove site at the loop. The positive groups 
of the amino acid side chains (R4 ,K7 ,K18 ,K9) are thereby interacting with the 
phosphate-backbone atoms. As shown in figure 5, the positive functional groups of the side 
chains are positioned zipper-like between the phosphates of the backbone. As this complex 
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is only of transient nature and the restraints are ambiguous, a multitude of possible exact 
binding orientations can be envisioned. This is highlighted by the fact that the positions of 
the functional groups in the side chains are not fixed in relation to the sequence of the 
RNA but just fixed in the relation to the electrostatic nature of the RNA backbone. The 
transient complex is thereby an ensemble of differently positioned RNA protein 
complexes, where the protein forms a positively charged cloud around the negatively 
charged RNA molecule. This is in line with the protein approaching towards the RNA 
from the major groove side as here the electrostatic potential is more negative, and where 
binding also occurs to other highly positively charged molecules such as amino-glycosides 
[49]. 
 
The CTD of StpA is a dynamic protein 
In order to address fast-dynamics within the protein 15N relaxation measurements were 
performed and analysed using the Lipari-Szabo model-free approach. Dynamic dependent 
NMR-variables 15N R1 and R2 rates, as well as the heteronuclear NOEs were determined 
(figure S6, table S2). As judged from the mean order parameter (S2) value, which is around 
0.8 for most residues and is a measure of the dynamics on the ps to ns timescale, the 
protein is well folded (figure 6a). For the first 8 N-terminal residues the order parameter is 
below 0.8, which highlights the fact that these residues are dynamic. Notably many 
residues show rather high exchange contributions (Rex > 5s-1), which indicates a 
conformational exchange on the µs-timescale. In order to be able to compare the changes 
in dynamics during the interaction with the RNA and as no exact diffusion model for the 
transient complex can be inferred, a graphical spectral density mapping approach was 
applied to analyse the relaxation data. As shown in the correlation of J(0) vs. J(N), the 
residues cluster close to the descending path of the limit case of a single Lorentzian motion 
indicating again the presence of a well folded protein (figure 6b). Furthermore, the 
presence of values to the right of this limit stem from residues that display conformation 
exchange on the µs-timescale. The formation of a protein-RNA complex changes the 
dynamic behaviour of the protein. Like for the free protein, values of the spectral density 
cluster close to the limit case but the number of residues that display conformational 
exchange is greatly reduced- now only residues Q2, K18, T19 and I30 are found to the 
right of this limit case. These residues are located at the edge of secondary structural 
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elements. The monitored changes as well as the notable shift in position of residue R4 
indicate that upon interaction with RNA, conformational motions within the protein are 
impaired. As motions occuring on a timescale sensed by NMR relaxation parameters 
correspond to the entropy of the molecule, a reduction of these motions might also indicate 
reduced entropy within the protein. Nevertheless, these measurements here might only 
reflect a subset of motions and entropy changes, as earlier studies on protein-protein 
complexes reveal changes in side-chain dynamics and measure motion-entropy 
correlations more effectively. 
 
Interaction with CTD-StpA induces local structural changes in RNA molecules 
The impact of the protein-RNA interaction on the dynamics of the RNA molecule was 
probed on the imino-proton resonances as indicators of the base pairing behaviour and 
solvent accessibility. An RNA molecule with a stem-loop structure originating from the 
terminator region of the trpL gene from E. coli was chosen, as it was used earlier in in vivo 
experiments as a target for RNA chaperones [45]. The structure comprises of a 9 base pair 
long helical stem that is capped by a 7 nucleotides containing loop. The imino-hydrogen 
atoms involved in stable base pair interactions resonate in the spectral region between 10 
and 15 ppm. For the E.coli trpL terminator stem loop (table S1) 8 signals have been 
monitored and subsequently assigned to the corresponding base pairs by application of 
standard assignment methodology.  
As seen in figure 7, the addition of CTD-StpA to this RNA molecule results in two 
responses in the NMR spectra: (A) some but not all peaks show a downfield shift change 
and (B) most resonances show increased line broadening due to enhanced exchange with 
the solvent molecules. The first result indicates that the interaction with the protein occurs 
at defined sites in the RNA. Notably, the peaks most affected by the addition of CTD-StpA 
are those that are close to the ends of the stem, meaning either close to the loop or close the 
open terminus of the helix. 
The enhanced line-width of the imino-resonances can be indicative of the destabilisation of 
individual base pairs. In order to examine a possible correlation between the global 
stability of the RNA or base pair composition of the helical region and the interaction with 
the RNA chaperone, the same analyses using mutations of the terminator hairpin were 
performed. To reduce the intrinsic stability of the helical stem, increasing numbers of GC-
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base pairs were replaced by AU base pairs. Interestingly, for all the used molecules a 
similar behaviour could be monitored: the peaks near the dynamic ends of the helix always 
show the strongest effects in chemical shift deviation (figure 7a). 
 
Base pairs are destabilised by CTD-StpA  
To evaluate the effect of the increased line-width observed for the imino-resonances 
hydrogen-exchange experiments were conducted. With these experiments the rate of 
chemical exchange between the hydrogen atoms of the water and RNA imino-hydrogen-
atoms can be determined. As the exchange can only occur if the base pair is opened, the 
rate is an indirect measure of the stability of a base pair. As recently shown by Rinnenthal 
et al. [69], the rates can be correlated with the local stability of the corresponding base pair. 
The rates of chemical exchanges between solvent and imino-hydrogen atoms were 
measured with selective inversion recovery experiments for different ratios of protein to 
RNA and for different temperatures. At room-temperature the exchange rates for the RNA 
alone range between kex = 2 Hz to kex = 6.3 Hz (see figure 7b). With increasing amounts of 
protein in the sample, the rates increase gradually and at a 2.5 fold excess of protein over 
RNA the rates increased to kex = 3 Hz to kex = 10 Hz. At an elevated temperature of 37°C, 
the addition of the protein also induces an increase in the exchange rates, but the effect is 
not as pronounced as at 25°C. This can be interpreted in that way that the protein‘s effect 
on the RNA is comparable to an increase in temperature. Exchange rates are calculated 
into individual Gibbs free energies for the base pairs (∆Gbp) and compared between the 
RNA alone and the protein-added state. Changes in ∆Gbp of up to ∆∆Gbp = 1.3 kcal mol-1 
can be detected for individual base pairs. 
The effect of local destabilisation of base pairs seems to translate into a global 
destabilisation of RNA in the presence of CTD-StpA. In a series of experiments, the 
melting transition of the RNA hairpin was monitored by UV-spectroscopy. Addition of the 
protein to the RNA samples reduces the melting temperature in a concentration dependent 
manner and thus reduces the free-energy of unfolding of the RNA-hairpin. At a six-fold 
excess of the protein, the melting temperature is reduced by ∆Tm = 11 K and the free 
energy is reduced by ∆∆Gglobal = -6 kcal mol-1. Taken together, it is proposed that the local 
destabilising effects of CTD-StpA lead to a global destabilisation of the RNA molecule.  
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As it is known that positive charged agents such as NH4+ can catalyse the chemical 
exchange between solvent and imino-hydrogen-atoms and given the basic nature of the 
CTD-StpA with pI = 9.7, the observed effects on the stability of certain base pairs by 
exchange measurements have to be validated by different techniques. Therefore, the 
behaviour of the of cross-strand 2hJNN coupling constants in selectively 15N-GC labelled 
Eco-SL RNA were examined in the presence and absence of protein. The size of the 2hJNN 
is also a measure of the stability of a certain base pair and is not affected by chemical 
exchange of the imino protons with water molecules. If the values for the 2hJNN coupling 
are compared then a reduction of the coupling constant between ∆2hJNN = -2.6 and 0.1 Hz 
can be determined (figure S11). These results indicate that the observed base pair 
destabilisation by solvent exchange experiments is not an experimental artefact due to the 
alkalinity of the protein, but is indeed a functional consequence of the interaction between 
protein CTD-StpA and the RNA. 
 
DISCUSSION 
The RNA chaperone CTD-StpA constitutes a folded protein that adopts an H-NS like fold. 
From analysis of NMR relaxation parameters we conclude that the protein is well folded 
exhibiting remarkable dynamic fluctuations on the µs to ms time-scale. The surface of 
CTD-StpA is polar and displays a large area of positive electrostatic potential. This 
positively charged area of the protein is the interaction platform with the RNA molecules. 
Binding to the RNA is only transient and of broad specificity, as highlighted by an 
apparent KD in the µM-range. Nevertheless, the occupancy of the protein on the RNA can 
be as high as one protein per seven nucleotides under non-equilibrium conditions. This 
results in a dense packaging of the protein around the RNA. The molecular forces that 
mainly drive the interaction between the RNA and CTD-StpA are of electrostatic nature; 
therefore a functional and structural dependence of the ionic-strength is given. Seemingly 
the interaction s mediated by the phosphate backbone of the RNA and is translated to the 
bases, which upon interaction favor sampling of open states. The increase of dynamics 
within the RNA is accompanied by a reduction of dynamics within the protein. 
Structural comparison of the CTD of StpA to other proteins reveals similarity only to its 
sequence homologue H-NS. This is consistent with the observation that proteins with RNA 
chaperone activity do not share a common fold. If you compare the structures of the 
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Heptatitis Delta virus antigen [53], hnRNP A [54], HIV-1 NCp7 [pdb:2iwj] or the OB fold 
domain of ribosomal protein S1 [55], all these proteins display RNA chaperone activity but 
do not have any structural similarity. This suggests that the functionality of an RNA 
chaperone is not encoded in a certain secondary or tertiary structure, but in the interplay of 
structural and dynamic properties. This is in line with the discussion that the amount of 
foldedness within the RNA chaperones is responsible for their activity. Tompa and 
Cszermely [27] indicate that among RNA and also protein chaperones a high percentage of 
proteins show long unstructured regions. These regions of structural inhomogeneity could 
acts as reservoirs of entropic energy that could be exploited for the refolding process 
within an interaction partner. In the case of CTD-StpA, this effect is not based on an all-or-
nothing event as seen for other proteins, where an unfolded protein is structuring up when 
binding to a nucleic acid molecule with high affinity [73]. In the case of CTD-StpA, a 
transfer of entropy could be attributed to conformational processes on the µs to ms 
timescale, which is reduced within CTD-StpA upon interaction with RNA molecules. Thus 
in contrast to specific binding proteins CTD-StpA retains a large part of its flexibility and 
its structural changes upon binding are much less dramatic.  
 
The N-terminal region of CTD-StpA was identified as the RNA-interaction surface using 
titration experiments as described above. This part of the molecule displays a high positive 
electrostatic potential and also predictions for the RNA binding domain point towards 
these residues (figure S14). Moreover, no high affinity binding is detected, as inferred from 
the KD of ~10 µM. The transient nature of the interaction mode between CTD-StpA and 
RNA seems to be a necessary feature for its function as an RNA-chaperone. Earlier work 
on full-length StpA already revealed a negative correlation between binding affinity and 
chaperone function [30]. Furthermore, as a general chaperone the protein needs to interact 
with a large number of different RNA molecules. A highly structured specific binding site 
would be detrimental to a functional RNA chaperone activity. For other proteins that 
facilitate RNA folding, it was also shown that high concentrations of magnesium or 
spermidine substitute for their activity [57]. This could also be interpreted in a way that 
RNA chaperones as well as helicases are highly efficient counterions directing the proper 
folding of RNA molecules. The high electrostatic potential of the interaction surface and 
the salt dependence suggest an additional energy resource for the interference of the 
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chaperone protein with the electrostatic forces at work on the RNA. Changes in 
concentration and nature of charges modulate the behavior of the RNA dramatically.  
Not only the presence but also the proper spacing of positive charges are important for 
both RNA annealing acceleration and strand displacement activities as proposed in the 
model of the transient complex shown in figure 5. The positively charged functional 
groups of the arginine and lysine residues are directed towards the backbone of the RNA. 
This is comparable to studies on small molecules such as polyamines that also modulate 
the folding trajectories of RNAs [58-61]. Such highly charged molecules compete with the 
counterions of the RNA that reside in the ion cloud surrounding the molecule. As each 
counterion releases the energy of kBT when leaving the cloud, a remarkable amount of 
energy is released if the counterions are displaced by an interacting protein, such as the 
RNA-chaperone CTD-StpA. The release of counterions that contribute to an increase of 
entropy in the system can only occur if a certain level of complementarity between the 
RNA and the protein is possible. Nevertheless, full complementarity to phosphate 
backbone would lead to the formation of a stable complex. This would be detrimental to 
the function of the chaperone. Therefore the interaction is weak but the coverage of the 
protein on the RNA is high. Similar behaviour is reported for different RNA chaperones 
such as ribosomal protein L1 [62], where the function is only reached if a 20-fold excess of 
the protein over RNA is maintained. 
 
The opening of base pairing interactions is rate limiting for the refolding kinetics of RNA 
secondary structures in multi-state systems [63]. Furthermore, as derived from the Eyring 
equation, the kinetics of these systems are related to the thermodynamics because the free 
energy of the transition state (ΔG‡) equals half of the free energy in the ground states 
(ΔGgs). If now a chaperone, such as CTD-StpA, increases the free energy of the ground 
state, it can accordingly influence the free energy within the transition state, and 
subsequently accelerate the underlying kinetics. The transition state of the RNA refolding 
reaction is described by opened base pairs and higher charge density in the phosphate-
backbone compared to the ground state. The stabilisation of the transition state by the RNA 
chaperone is maintained by favourable interaction with the positive charged moieties of the 
chaperone yielding in a shielding of repulsive forces. During the RNA folding trajectory 
this becomes necessary as in transition states the phosphate groups of the backbone come 
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in close spatial proximity. In other words, the same interactions between chaperone and 
RNA that lead to a structural destabilisation of the ground states are favourable in respect 
to the structural constraints of the transition state. The factor of acceleration should 
therefore be given by . That the relationship originally derived for small 
bistable RNA systems is still applicable is based on two notions. First, in the displacement 
assay the reaction is actually a strand exchange of two similar, nearly equally stable states. 
Second, and more importantly, for the bistable systems the rate of refolding was 
determined to be a function of the base-paring interactions that have to be opened in order 
to allow refolding of the RNA molecule. As it was shown herein, that the base pairs within 
the RNA molecule sample open states more often in the presence of CTD-StpA. This 
indicates that the chaperone helps to destabilise the interactions that act as rate limits of the 
refolding process. Given the similar size and the dominant presence of helices as secondary 
structure elements in both the Eco26 and the 21R RNAs a similar reduction of the free 
energy is inferred. As seen in the melting experiments a ~10-fold molar excess of 
chaperone leads to a destabilisation of ΔΔG10xCTD-StpA = 6 kcal/mol, and a 20-fold excess to 
a destabilisation of ΔΔG20xCTD-StpA = 9 kcal/mol. From elementary rates of RNA refolding 
reactions a 21 base pair long RNA would open in a refolding reaction with a rate of 
k21bp ≈ 10-8 s-1. The above indicated destabilisation would lead to an acceleration of the 
refolding rate between kchaperone / kRNA = 103 to 106 and therefore the displacement reaction 
would be as fast as k = 10-2 s-1. From the measured rate of strand displacement 
kdisp = 1.5·10-2 s-1, the reduction of the free energy of the transition state with ΔG‡CTD-
StpA = ΔG‡RNA - ΔΔGgs is inferred. 
Conclusively, the energy needed to render RNA molecules folding competent is in the 
interaction with the RNA chaperone. The protein transfers conformational entropy to the 




All unlabelled RNAs used were synthesized on solid phase (Eurogentech 21R, TU-21R; 
Dharmacon: Eco RNA and 21R+). Lyophilized RNAs were de-protected according to the 
manufacturer‘s protocol, dissolved in DEPC water and stored at -20 or at -80°C (for long-
term storage). Prior to use, the RNA was dialyzed against standard buffer (50 mM K-PO4 
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pH 6.5, 25 mM NaCl). The nucleic acid substrates used for the FRET-based assay in this 
study are listed in Supplementary table S1. Labelled Eco RNAs were in vitro transcribed 
by T7 RNA polymerase using 15N, 13C labelled NTPs from plasmid template, as described 
earlier [64]. 
 
Optimized protein expression and protein purification 
The protein was expressed as a fusion protein using the commercially available pTWIN 
system (New England Biolabs Inc.) as described earlier [30]. In contrast to the published 
procedure, some changes were undertaken in order to maximise the expression yield in 
minimal medium. After transformation of the plasmid into T7 Express lysY/Iq E. coli cells, 
colonies were grown overnight on LB plates containing 100 µg/ml Ampicillin. The freshly 
grown cells were used directly for inoculation of a 50 ml pre-culture of LB medium 
containing 100 µg/ml Ampicillin (growing at 37°C and 200 rpm shaking speed). At an 
OD600nm of 0.4 cells where harvested by centrifugation, washed and subsequently 
transferred to a M9 minimal medium pre-culture. At an OD600 of 0.8, cells where 
harvested by centrifugation, washed and subsequently transferred to 1 L M9 minimal 
medium culture. The culture was grown at 37°C to an OD600nm of 0.5 and then the protein 
expression was induced by adding IPTG to a final concentration of 700 µM. After the 
induction, cells were grown for 12 h at 22°C. Yields were maximal at large ratios of flask 
size versus culture volume. 
The purification of the protein was carried out as described in the manual of the pTWIN 
expression system except following changes: All wash and elution steps were done with 
buffer volumes that were 20-times the bed volume of the column. On-column protein 
cleavage was carried out at room temperature (25°C) for at least 12 h and under very gentle 
shaking of the column on a shaking platform (approx. 15 rpm) and with a buffer volume of 
1.5 times the bed-volume. The protein containing fractions (as judged by SDS-PAGE) 
were concentrated using AMICON ultra-filter devices. Besides CTD-StpA, 10-15% of the 
resulting solution were made up by a second protein of 60 kDa which was removed by 
filtering through PALL ultrafilter device with 10 kDa molecular-weight cut-off. The pure 
protein fraction was then dialysed against low-salt NMR-buffer (50 mM K-PO4 pH 6.5, 
25 mM NaCl). 
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The concentration of the protein was determined either by dilution series on SDS-PAGE in 
comparison to a dilution series of a standard protein solution (hen egg white lysozyme of 
analytical grade) of known concentration or by commercially available Bradford-assay. 
 
FRET-based annealing and strand displacement assays 
Nucleic acid annealing and strand displacement assays were carried out as described by 
Raijkowitsch [41], at 30°C if not indicated otherwise, and using the following 
concentrations: 10 nM of each RNA strand, 50 mM K-PO4 pH 6.5 and salt concentrations 
as indicated in the text. Annealing curves were fitted by non-linear regression to the 
universal mono-exponential decay equation [a - b*exp(-k*t)] using Mathematica 7.0 
(Wolfram Research). 
 
W-Fluorescence to probe for binding constants 
Tryptophane-Flurescence was measured on a Tecan GENios Pro microplate reader in 
fluorescence top reading modus. The excitation and emission wavelengths were set to 
280 nm and 360 nm, respectively, bandwidth was 10 nm. For each of the wells in the 96 
flat bottom plate 6x6 reads in a circular manner were recorded and averaged. For baseline 
correction pure buffer solution (50 mM K-PO4 pH 6.5, 25 mM NaCl) was measured. 
 
NMR spectroscopy 
NMR experiments with protein CTD-StpA samples were performed at temperatures 
between 273 K and 298 K on a Varian Inova 600 MHz spectrometer equipped with 5 mm 
triple resonance cryo-probe and pulsed field gradients, and a Varian Inova 600 MHz and 
500 MHz spectrometer equipped with 5 mm conventional triple resonance probe equipped 
with pulsed field gradients. NMR spectra were processed with NMRPipe [65] and analysed 
with Sparky software. The protein samples for NMR-experiments were all prepared by 
size-exclusion filtering in 50 mM K-PO4 pH 6.5, 25 mM NaCl and concentrated to ~1 mM 
CTD-StpA. Samples were supplemented with ~10% (v/v) 2H2O to provide the deuterium 
signal for the field-frequency lock. Backbone signal assignment for the CTD-StpA was 
obtained by use of standard three-dimensional (3D) experiments. Distance restraints were 
obtained by measuring 2D 1H-1H and 3D 15N- and 13C-edited NOESY experiments at 
various mixing times. 15N relaxation parameters (T1, T2, hetNOE) were measured using 
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gradient sensitivity-enhanced 2D methods with 1H detection [66, 67]. Analysis of the rates 
to determine model-free motional parameters was conducted using the modelfree 
programm in conjunction with the fastmodelfree script. For an intial estimation of the 
diffusion tensor R2/R1 ratios of the raw relaxation data were transformed for residues that 
exhibit a heteronuclear NOE value of ≥ 0.6 and low values for R2. NMR experiments with 
RNA samples were performed at temperatures between 273 K and 313 K on a Varian 
Inova 600 MHz spectrometer equipped with 5 mm conventional triple resonance probe 
equipped with pulsed field gradients as well as on Bruker 700 MHz spectrometer equipped 
with a cryogenic z-grad HCN probe and Bruker 600 MHz spectrometer equipped with a 
cryogenic z-grad HCP probe. For the assignment of imino-proton resonances, jump-return-
NOESY spectra were recorded at 278 K in 9:1 H2O/D2O. Other proton resonances were 
assigned by recording soft-watergate-NOESY spectra with similar parameters. Processing 
was conducted using TOPSPIN 2.1, analysis was undertaken with Sparky. Measurements 
of solvent exchange rates were undertaken as described earlier [68], analysis followed the 
procedure introduced by Rinnenthal [69]. Cross-strand hydrogen bonding was determined 
as described by Grzesiek [70]. 
 
Cross-linking experiments 
For cross-linking experiments 21R+ RNA containing 5-thio-uridine residues at positions 4, 
11, and 15 at a concentration of 29 µM was titrated with CTD-StpA at various 
concentrations. The solution was incubated at room temperature for 10 minutes and then 
transferred on ice. The cross-linking reaction was induced by irradiation with UV 
(12000 µJ) light using a Stratagene linker. The samples were then analysed using SDS gel 
electrophoresis. In contrast to the normal procedure no 2-mercaptoethanol was added to the 
loading buffer. Bands were visualised using standard silver staining. 
 
UV melting curves  
Temperature-dependency absorption measurements were carried out with a Varian ‘Cary 
Bio100’ UV-visible spectrophotometer in quartz cuvettes with a 1 cm path length (0.5 
mL). The melting experiments were performed by raising the temperature from 15°C to 
90°C at a rate of 0.5°C min-1. Absorption values at 260 nm were recorded for every degree. 
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Structure Determination 
All calculations were performed with CNS 1.2 with the protein-allhdg force field [71, 72]. 
The standard annealing protocols were used. Starting structures were generated based on a 
linear template molecule with randomly associated velocities for all atoms. For the 
structure calculations, a three stage simulated annealing (SA) protocol was used with 
torsion angle dynamics (TAD). The high temperature stage consisted of 4000 steps at 
50000 K. It was followed by two cooling stages, with 4000 and 3000 steps. During the SA 
protocol the force constant for the NOE restraints was set to 100, 100 and 150 kcal mol-1 
Å-2. Finally an energy minimization of 1000 steps and 20 cycles was applied. The 
ensemble of the ten best structures was chosen according to the total energy of structures. 
Models for the protein RNA complexes were derived from Haddock run as described by 
Bonvin [48], using the available web-interface (http://haddock.chem.uu.nl/). 
 
Acession codes 
Structures of CTD-StpA have been deposited to PDB-database in conjunction to NMR 
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Figure 1: RNA folding enhancement by CTD-StpA. An increased folding rate is observed in the 
presence of CTD-StpA using FRET-based RNA folding assays for the elementary folding reactions 
of RNA strand annealing (a) and displacement (d). Annealing reaction kinetics are tested by 
monitoring FRET after mixing two complementary 21mer RNAs labelled with Cy-dyes, 
(21R+: Cy5- 5‘-AUGUGGAAAAUCUCUAGCAGU-3‘; 21R-: Cy3– 5‘-
ACUGCUAGAGAUUUUCCACAU-3‘). The RNA strand displacement reaction is monitored by 
recording FRET after mixing a ten fold excess of unlabelled 21mer RNA (21R-) strands with RNA 
duplexes that are labelled with Cy-dyes. As seen by comparison of panels b and c, corresponding to 
the RNA only and RNA plus protein samples, respectively, the rate of RNA annealing is increased 
from kannRNA alone = 0.0076 s-1 to kannRNA plus CTD-StpA = 0.027 s-1. Accordingly, an increase in the rate 
for the displacement reaction is deducible by comparing panels e and f, that show the FRET signal 
during the strand displacement reaction for samples containing RNA alone and RNA plus protein. 
No displacement reaction is observable for RNA alone during a 180 s reaction, whereas in the 
presence of CTD the reaction proceeds with a observable rate constant of kdispRNA plus CTD-
StpA = 0.015 s-1.The protein to RNA ratio is 10:1 and temperature is set to 30°C. 
 




Figure 2: Structure of CTD-StpA as determined by NMR. Panels a and b display a secondary 
structure representation of the backbone of CTD-StpA viewed from two different angles, the 
helical structure in the C-terminal region of the domain are coloured in red and the β-stranded 
regions are highlighted in yellow. Panel c shows the structure of the domain in a cross-eyed three 
dimensional presentation. Panels d and e highlight the basic character of the protein showing the 
electrostatic potential on the surface and additionally the +/-1.5kTe potential at iso-surfaces. In 
panel e the residues identified to interact with RNA are underlain as a stick representations. (Amino 
acid sequence for orientation: 
RQPRPAKYKF(10)TDVNGETKTW(20)TGQGRTPKPI(30)AQALAEGKSL(40)DDFLI). 
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Figure 3: Coating of RNA depicted by biochemical cross-linking. Panel a depicts a silver 
strainded 12% SDS-PAG displaying the results of cross-linking experiments of triple 4-S-U 
labelled 21R+ RNA with CTD-StpA. The first four lanes are control experiments demonstrating 
that no cross-linking occurrs if RNA and protein alone are irradiated by UV-light, as well as that no 
band-shift is detectable for non-cross-linked RNA and protein samples. In the remaining lanes 
increasing ratios of protein to RNA under cross-linking conditions are depicted- with increasing 
ratios of protein bands for 1:1, 1:2 and 1:3 RNP complexes are visible. For comparison, the size of 
marker bands, determined in independent experiments, are shown left of the gel. Panel b depicts a 
model of the 21R+ RNA (red, the thio-uridines are shown in grey) with three docked CTD-StpA 
molecules, based on ambiguous restraints derived from cross-link and NMR experiments. 
Results and discussion 
114 
 
Figure 4: Interactions of StpA with RNA are salt dependent. At constant ionic strength the 
interaction between CTD-StpA and RNA were probed by series of 1H 15N HSQC spectra (a) that 
determine a system in fast-exchange conditions and that reveal distinct shifts as plotted in panel b 
as a function of sequence. In panel c a comparison of 1H 15N HSQC spectra of RNA-complexed 
and ‘salt-bound’ protein shows similar behaviour: salt induces changes depicted seen as a function 
of aa sequence (d). Panel e depicts a reporter signal (W20) of the complex state under increasing 
salt concentrations shifting towards the apo-state resonance position. In panel f the same behaviour 
of reduction in RNA-induced changes in StpA’s chemical shift is depicted for selected resonances 
(W20, A6, R4) as a function of the salt concentration (as negative control changes in chemical shift 
for resonances not taking part in the interaction with RNA show virtually no response K38, S39). 
Likewise, the RNA chaperone activity is reduced under higher ionic strength conditions as seen by 
the reduction in folding amplitude for the strand displacement assay (red circles). 
 
 
Figure 5: Structural representation of complexes between CTD-StpA and small RNA 
hairpin-loop. Based on chemical shift restraints, docking provides models for complexes between 
CTD-StpA and RNA as shown in panel a. The positive side chains of lysine and arginine residues 
close to the N-terminus of the domain interact with the oppositely charged phosphate backbone of 
the RNA. Panel b shows a clipped representation of the complex structures highlights the plasticity 
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of the complex by displaying the centres of positive charges in CTD-StpA R/K-chains (Czeta and 
Nzeta atoms) that shield the backbone of the RNA. Panel c shows another a structural representation 
of the transient complex ensemble with emphasis on the size relations between RNA and protein 
and the distribution of the protein side chains (interacting arginine and lysine side chains as ball-
stick models) along the RNA. 
 
 
Figure 6: Dynamics of CTD-StpA. Panel a depicts the result of a model-free analysis of the 
measured 15N relaxation rates for the free form of CTD-StpA. For the majority of residues the order 
parameters, shown as black circles, adopt values around S2≈0.8 indicating well ordered residues. 
Most residues also exhibit conformational exchange in the µs to ms timescale as indicated by the 
Rex values shown as grey bars. Similar results are obtained by graphical analysis of spectral density 
values shown in panel b. Residues that exhibit conformational exchange reside to the right of the 
single lorentzian limit (red line). Spectral density values comparison for free (black circles) and 
RNA ‘bound’ protein (open circles) reveals that upon interaction with RNA the amount of 
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Figure 7: Interaction of CTD-StpA with RNA as monitored on the RNA molecule. The 
changes in the reporter imino-region of the 1D 1H NMR spectra of different constructs are 
displayed by overlaying the spectra of the pure RNA(black) with the spectra of the RNA after 
addition of CTD-Stpa (grey). RNA molecules are Eco-RNA stem loop structures with increasing 
amount of AU base pairs in the stem, assignment of the resonances is annotated. Upper panel b 
displays the solvent exchange rates measured at different titration steps (RNA only, 1.5eq and 
2.5eq CTD-StpA); in lower panel b changes in ∆Gbp calculated from theses data are shown. The 
largest destabilising effects are found for the base pair G2-C24 which resides close to the end of the 
helix, and for G20-C and G21-C with ∆∆Gbp = -1 kcal mol-1 and ∆∆Gbp = -0.9 kcal mol-1, 
respectively. Likewise, all other base pairs show a destabilisation somewhat reduced in extent with 
∆∆Gbp around 0.6 kcal mol-1. Panel c shows UV melting curves for Eco-SL RNA samples 
containing increasing amounts of CTD-StpA (0 to 6 eq). Highlighted in the plot of first derivative 
of the population of folded conformation versus temperature, the melting temperature is decreasing 
and the folding transition becomes broad. 
 
 
Figure 8: Changes in the energetic profiles of RNA displacement reactions induced by CTD-
StpA. The refolding reaction of an RNA duplex (*D*) into another duplex (*D) by displacement of 
one of the original strands in the absence of aproein with RNA chaperone activity (RCA) is 
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characterised by two (almost) equally stable ground states and a transition state with a change in 
free energy of ΔG‡ = 0.5*ΔGi, where ΔGi is the free energy of the ground state from which folding 
occurs (black line). The addition of a chaperone to this bistable RNA system leads to a reduction of 
the transition state energy (dark grey line). The grey bar scales to the amount of ΔG‡ in the absence 
of chaperones. For both scenarios kinetics of refolding trajectories for the 21R RNA (as introduced 
in figure 1) have been calculated based on elementary rates (b). The displacement reaction for the 
RNA alone is as expected extremely slow (black line). In the presence of a chaperone the predicted 
reaction rate is increased (dark grey line). The rate predicted on the assumption that ΔG‡RCA = ΔG‡ -
ΔΔGi is close to the experimental value (red dashed line). 
 
Table 1:  NMR and refinement statistics for protein structures 
 
 Protein 
NMR distance and dihedral constraints  
Distance constraints  
    Total NOE 954 
    Intra-residue 481 
    Inter-residue  
      Sequential (|i – j| = 1) 232 
      Medium-range (|i – j| < 4) 111 
      Long-range (|i – j| > 5) 130 
  
    Hydrogen bonds 12 
Total dihedral angle restraints 77 
    φ 36 
    ψ 41 
  
Structure statistics  
Violations (mean and s.d.)  
    Distance constraints (Å)     0.02 ± 0.0007 
    Dihedral angle constraints (º) 3.3 ± 0.05 
    Max. dihedral angle violation (º)      
    Max. distance constraint violation (Å)   
Deviations from idealized geometry  
    Bond lengths (Å)     0.003 ± 0.00006 
    Bond angles (º) 0.49 ± 0.003 
    Impropers (º) 0.35 ± 0.011 
Average pairwise r.m.s. deviation** (Å)      
    Heavy      1.5 
    Backbone   0.9 
 
** Pairwise r.m.s. deviation was calculated among 10 refined structures. 
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Table S1 : Sequences and secondary structure of used RNA molecules 
Name Sequence Secondary structure 
21R+ AUG UGG AAA AUC UCU AGC AGU 
 





GGA GCC CGC CUA AUG AGC GGG CUC 
CC 
 




Figure S1: Folding Predictions and CSI for CTD-StpA. NMR data reveals foldedness of CTD-
StpA: Comparison of bioinformatic prediction and experimental data for the C-terminal domain of 
StpA sequence given in a. Panel b includes a graphical representation of the PONDR VLXT 
prediction for the amino-acid sequence of StpA (it scales from 0 for ordered to 1 for disordered 
regions). Panel c shows the aromatic/amino-proton region of the 1D 1H spectrum of StpA (recorded 
on a Varian Inova 600 MHz spectrometer at 25°C). The resonances are well dispersed and the lines 
exhibit a narrow line width. Panels d to g display the difference between the experimental values 
and the random coil chemical shifts as measured for Hα, Cα, Cß and CO nuclei (respectively) 
indicating stretches of secondary structures.  




Figure S2: HSQC spectra. a) 15N  HSQC and b) 13C HSQC recorded on a Varian Inova 600 MHz 
spectrometer at 298 K. Spectra were recorded under low salt conditions, the assignment is 
indicated. 
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Figure S3: Results of TALOS+ calculations for CTD-StpA at 298 K and under low salt 
conditions. The two upper panels represent the back-calculated backbone angles, the middle panel 
gives an estimation of the order parameter derived from chemical shift and the lower panel 
indicates the preferences for secondary structures (rectangles: β-strands; barrels: α-helices) 
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Figure S4: CD-Spectroscopy. Panel a shows the CD-spectrum of CTD-StpA. Panel b shows the 
UV melting profile of CTD-StpA. The stability of the protein was calculated considering the 
unfolding event to be a single helix-coil transition. 
 
 
Figure S5: Chaperone activity of CTD-StpA as a function of foldedness. Unfolded StpA does 
not have chaperone activity: the figure compares the displacement reaction of a fluorescently 
labelled 21mer RNA strand from its duplex form by an invading unlabelled strand of identical 
nucleotide sequence under different conditions. In the absence of any protein displacement does not 
occur within 240 s (a). In the presence of CTD-StpA the displacement reaction takes place. When 
the protein is unfolded by 4.3 M urea (as demonstrated by intrinsic W-fluorescence shown in panel 
f) no displacement is detectable (c). Urea alone is not able to promote the displacement reaction 
(d). The formation of dsRNA in 4.3 M urea is demonstrated by monitoring the annealing reaction 
of two fluorescently labelled RNA strands in the presence of urea (e). 
 




Figure S6: 15N relaxation rates measured at 600 MHz on a Varian Inova spectrometer at a 
temperature of 298 K. The left panels display the R1, R2 and hetNOE rates for the protein alone. 
The right panel shows the same parameters measured on a sample containing both the protein 
CTD-StpA and Eco RNA. The protein is always uniformly 15N-labelled and the RNA is unlabelled. 
Black dots and bars represent data points measured at a salt concentration of 250 mM NaCl, 
whereas open symbols represent data measured at low salt concentration of 25 mM NaCl  
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Table S2: 15N relaxation rates recorded at 298 K on a Varian Inova 600 MHz spectrometer under 
various conditions (CTD: CTD-StpA only; CPL: complex sample of CTD-StpA plus RNA; ls: low 
salt (25 mM NaCl); hs: high salt (250 mM NaCl)) 
  R1 / [s-1] R2 / [s-1] hetNOE [A.U.] 

























 ARG 1                       
 GLN 2     2,40 1,86 6,52 5,88 6,55 24,86 0,00   0,05 0,93
 PRO 3                         
 ARG 4 2,13 1,48 2,25 1,41 5,64 4,14 6,47 8,28 0,00 -0,08 -0,03 0,50
 PRO 5                         
 ALA 6 2,19 1,83 2,14 1,35 6,30 6,02 6,53 9,64 0,57 0,53 0,51 0,57
 LYS 7 2,23 2,01 2,20 1,31 5,51 6,04 6,71 11,70 0,61 0,55 0,57 0,64
 TYR 8 2,43 2,29 2,43 1,41 9,60 11,93 10,59   0,72 0,72 0,75   
 LYS 9 2,33 2,08 2,43 1,34 7,28 8,44 8,64 14,57 0,67 0,60 0,68 0,76
 PHE 10 2,42 2,15 2,34 1,27 7,69 10,48 8,76 14,20 0,68 0,65 0,72 0,66
 THR 11 2,19 1,97 2,25 1,35 5,15 7,27 7,26 11,46 0,68 0,71 0,61 0,58
 ASP 12 2,41 2,11 2,34 1,39 9,32 12,70 10,13 14,70 0,69 0,66 0,70 0,62
 VAL 13 2,31 2,24 2,25 1,35 7,21 8,14 7,26 11,46 0,61 0,62 0,61   
 ASN 14 2,34 2,17 2,30 1,26 8,82 11,69 9,28 14,20 0,64 0,67 0,64 0,50
 GLY 15 2,37 2,18 2,35 1,42 5,56 5,99 7,54 9,68 0,63 0,66 0,65 0,67
 GLU 16 2,28 2,01 2,20 1,49 5,34 5,94 7,43 10,22 0,60 0,61 0,66 0,67
 THR 17 2,22 1,99 2,26 1,25 9,11 12,64 9,88 12,88 0,65 0,60 0,67 0,61
 LYS 18 2,32 2,19 2,28 1,35 9,79 14,03 10,75 15,83 0,66 0,61 0,59 0,74
 THR 19 2,33 2,23 2,29 1,44 18,44 28,65 20,92 24,82 0,68 0,68 0,65 0,55
 TRP 20 2,49 2,12 2,46 2,00 11,05 13,68 11,91 17,95 0,66 0,66 0,76 0,56
 THR 21                         
 GLY 22                         
 GLN 23 2,67 1,97 2,72 1,83 7,36 7,78 8,28 12,03 0,72 0,62 0,76 0,58
 GLY 24 2,67 1,77 3,15 1,48 9,75 8,70 9,07 12,10 0,62 0,65 0,57 0,54
 ARG 25 2,41 1,87 2,66 1,34 8,18 10,18 8,24 12,38 0,64 0,63 0,67 0,68
 THR 26 2,55 1,98 2,59 1,45 10,66 12,61 11,11 14,45 0,70 0,66 0,68 0,71
 PRO 27                         
 LYS 28 2,70 2,16 3,06 1,84 10,71 10,57 10,73 12,01 0,71 0,70 0,66 0,56
 PRO 29                         
 ILE 30 2,37 1,82 2,60 1,62 14,45 23,02 18,55 25,48 0,68 0,56 0,65 0,50
 ALA 31 2,45 2,45 2,32 1,30 8,71 11,73 10,01 14,64 0,68 0,65 0,66 0,84
 GLN 32 2,36 2,28 2,29 1,36 6,34 8,30 7,49 13,49 0,70 0,70 0,69 0,65
 ALA 33 2,32 2,10 2,23 1,39 6,83 8,97 8,25 14,35 0,67 0,67 0,67 0,80
 LEU 34 2,35 2,20 2,29 1,46 5,39 6,67 6,49 11,68 0,66 0,64 0,69 0,69
 ALA 35 2,31 2,19 2,27 1,53 5,83 7,41 8,07 11,48 0,71 0,71 0,69 0,78
 GLU 36 2,09 1,90 2,08 1,30 6,50 8,65 7,34 12,63 0,60 0,68 0,71 0,66
 GLY 37 2,11 1,89 2,10 1,26 7,23 8,99 8,31 11,93 0,64 0,64 0,62 0,49
 LYS 38 2,34 2,15 2,25 1,43 5,18 5,91 7,13 10,37 0,65 0,66 0,64 0,75
 SER 39 2,08 1,97 2,09 1,41 6,55 8,83 8,39 12,45 0,50 0,54 0,49 0,51
 LEU 40 2,34 2,22 2,33 1,57 6,19 8,05 7,19 10,55 0,72 0,67 0,68 0,58
 ASP 41 2,40 2,05 2,36 1,47 9,20 12,21 11,54 14,97 0,63 0,63 0,57 0,61
 ASP 42 2,39 2,28 2,32 1,44 5,12 6,11 5,17 10,84 0,64 0,67 0,61 0,57
 PHE 43 2,28 2,22 2,23 1,49 5,58 7,80 6,51 11,85 0,68 0,68 0,61 0,68
 LEU 44 2,34 2,24 2,24 1,40 5,86 6,84 6,79 11,74 0,71 0,66 0,71 0,84
 ILE 45 2,14 1,99 2,11 1,38 5,49 6,23 6,56 10,93 0,63 0,64 0,66 0,56
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Figure S7 Electrophoretic mobility shift assay (EMSA) of CTD-StpA with 21R+ RNA. After 
incubation of RNA with increasing concentrations of CTD-StpA (indicated by the color-gradient) 
samples were separated on a 12% PAGE and subsequently stained with Ethidiumbromide (lower 
















Figure S8: Tryptophane-Fluorescence experiments to determine the binding strength were 
performed on two different RNA substrates (sequences see upmost panel). The relative 
fluorescence of W20 in CTD-StpA was measured for different concentrations of RNA and different 




Table S3 binding constants of CTD-StpA for RNA as determined by tryptophane 
fluorescence experiments 
RNA Ionic conditions KD [µM] 
ssRNA (21R+ RNA) 25 mM NaCl 10.5 ± 2.5 
dsRNA (Eco RNA) 25 mM NaCl 18.0 ± 2.8 
dsRNA (Eco RNA) 250 mM NaCl 36 ± 11 
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Figure S9: Binding of CTD-StpA to RNA can also be monitored by chemical shift change during a 




Figure S10: The transient complex formation can be detected as an apparent increase in the overall 
tumbling time (τc) of the protein under different conditions, τc was calculated from the ratio of 15N 
relaxation rates. 
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Figure S11: Changes in 2hJNN scalar coupling constants across hydrogen bonds in dsRNA upon 
interaction with CTD-StpA as measured by HNN-COSY experiments on a 15N ,13C (GC)-labelled 




Figure S12: 31P NMR reveals interaction between CTD-StpA and the RNA sugar-phosphate 
backbone. Panel a depicts changes in the chemical shifts of 31P resonances of 14mer SL RNA 
upon interaction with CTD-StpA (monitored in a HCP experiment at 298 K on a Bruker Avance 
600 MHz spectrometer equipped with a cryogenic HCP probe). Panel b represents the changes in 
the 1D 31P spectrum of Eco SL RNA upon titration with CTD-StpA (298 K on a Bruker Avance 
600 MHz spectrometer equipped with a cryogenic HCP probe). 
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Figure S13: Summarized chemical shift changes of 14mer RNA upon interaction with CTD-StpA 
as monitored in 13C-HSQC spectra. 
 
 
Figure S14: Residues interacting with RNA for CTD of StpA and its homologue H-NS as 
predicted by RNA bindr software and as determined by NMR spectroscopy (experimental data for 
StpA are from this study; for H-NS studies from Shindo et al. (1995) and Sette et al. (2009))  
 
References Supplementary Material 
 
1. Shindo H, Iwaki T, Ieda R, Kurumizaka H, Ueguchi C, Mizuno T, Morikawa S, Nakamura H, 
Kuboniwa H (1995) Solution structure of the DNA binding domain of a nucleoid-associated protein, 
H-NS, from Escherichia coli. FEBS Lett 360, 125-31. 
2. Sette M, Spurio R, Trotta E, Brandizi C, Brandi A, Pon CL, Barbato G, Boelens R, Gualerzi CO 
(2009) Sequence-specific recognition of DNA by the C-terminal domain of nucleoid-associated 
protein H-NS. J Biol Chem 284, 30453-62. 
Results and discussion 
133 
2.4. Transient RNA-protein interactions in RNA folding 
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2011 Wiley. Reprinted with kind permission.) 
 
Contribution of the publication to the overall thesis 
This review summarizes current knowledge on the transient nature of the interaction 
between RNA annealer proteins and chaperones with their substrates, using the HIV-1 Tat 
protein and the E. coli protein StpA as examples. Additionally, a more general model for 
annealing acceleration and strand displacement is proposed in a framework originally 
developed for the interaction of proteins. 
 
Author’s contribution 
The general annealing and chaperoning model was developed by Martina Dötsch. She 
also wrote the introduction of the paragraph ‘RNA chaperones and annealers’ as well as 
the subparagraphs ‘The HIV-1 transactivator of transcription (Tat) peptide is a potent 
nucleic acid annealer‘ and ‘A general annealing and chaperoning model’. Martina Dötsch 
furthermore contributed to editing of the manuscript. 
Results and discussion 
134 
 
















Results and discussion 
139 
 












Results and discussion 
143 
2.5. A potential native substrate for the remodeling activity of HIV-1 Tat 
 
As was established in the two previous chapters, the acceleration of annealing as well 
as the stabilization of dsRNA by the Tat peptide are sequence non-specific activities. 
Despite the fact that Tat(44-61) served as a helpful model for studying these activities, the 
question of the importance of the RNA remodeling activity of the protein in vivo arose. Tat 
has been implicated in a variety of cellular processes (Brigati et al., 2003; Jeang et al., 
1999) with trans-activation of transcription via binding to the TAR RNA being its best 
studied function. Therefore, the TAR RNA was selected as a promising native substrate of 
Tat’s annealing activity and its refolding was studied in vitro. Other processes in which 
Tat’s RNA remodeling activities might be involved are discussed. 
 
2.5.1. TAR RNA refolding experiments 
 
Richter et al. (2006) had reported the existence of a second hairpin structure that can be 
formed by the nascent HIV-1 transcript, in addition to the fully functional TAR structure 
(figure 2.5.1.1). As transcription is a dynamic process, the presence of the first 35 or so 
nucleotides prior to the incorporation of any downstream bases, initially allow the 
formation of a smaller hairpin within the transcript, called TAR31. As transcription 
progresses, the nucleotides necessary for the folding of the full structure are added by the 
RNA polymerase and can subsequently compete for base pairing in order to form the 
hairpin TAR59. Remarkably, TAR31 harbors a Tat binding site that mirrors the bulged Tat 
interaction site in TAR59 almost completely, despite the loop being oriented 5’ relative to 
the bulge instead of 3’. Indeed, Tat has been found to bind both structures (Richter et al., 
2006). However, TAR31 is unable to activate transcription, probably due to the lack of the 
specific loop region that is bound by cellular factors (Berkhout and Jeang, 1989; Wei et al., 
1998). Its role in the viral life cycle might be the stabilization of the short early transcripts 
or the sequestration of Tat to the transcription site. Ouellet et al. (2008) furthermore 
suggested that the TAR31 impedes miRNA production from the TAR59 RNA. 
Two RNA substrates were designed so as to mimic the refolding of the TAR31 into the 
TAR59 structure (figure 2.5.1.1). The first (Cy5-labeled) RNA comprised the nucleotides 1 
to 31 and therefore formed the complete TAR31 hairpin. The second (Cy3-labeled) 
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construct (referred to as Cy3-TAR-) contained nucleotides 36 to 60 and base paired with 




Figure 2.5.1.1: Dynamic folding of the TAR structure and RNA substrates designed for 
refolding assays. The transcription of the HIV-1 genome yields two different TAR structures 
depending on the transcriptional progress (Richter et al., 2006) - the non-functional TAR31 
structure refolds into the functional TAR59 structure. The boxed region including the UCU-bulge 
indicates nucleotides that have been found to be important for the binding of Tat to the TAR RNA 
(Churcher et al., 1993). Designed Cy5- or Cy3- labeled RNA substrates that allow studying the 
refolding event are highlighted in green or red, respectively. Base interactions are depicted 
according to Leontis and Westhof (2001). 
 
TAR refolding is supported by Tat(44-61) 
In the TAR refolding assay, Cy3-TAR- was added to the preformed TAR31 helix to 
start the refolding event (figure 2.5.1.2 A). Cy3-TAR- was predicted to form a stable 
hairpin under the experimental conditions. As visualized on polyacrylamide gels, both 
structures opened up readily and formed the heterodimer resembling the TAR59 structure 
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even in the absence of protein (figure 2.5.1.2 B). It should be noted that besides these three 
main structures traces of other structures were detected on the native gels. The formation 
of alternative structures was also predicted by the Vienna RNA package cofold program 
(see figure 2.5.1.3). However, as the amount was usually estimated to make up 
significantly less than 1% of the ensemble, they were termed negligible in the following 
kinetic analysis. 
The reaction scheme was thus approximated as: 
 
CBA +      [2.7] 
 





kK =      [2.8] 
(k1 – forward reaction constant, k2 – constant for the back reaction). 
Integration of the reaction rates and approximation of cTAR59 ≤ 0.1·cTAR31, t=0 yielded the 
equation 
 
( )tktTARTAR ekkcc ⋅⋅−= −⋅⋅= 222120,3159 1        [2.9]. 
 
(For a detailed deduction of the reaction equation and the data fit see chapter 4.5) 
 
Fitting the curves obtained by TAR annealing gels to this equation yielded k1 and k2 as 
well as K in the presence and absence of peptide (figure 2.5.1.2 D). According to the 
equilibrium constants K, Tat(44-61) shifted the equilibrium to favor the TAR59 structure 
with a threefold increase of cTAR59 under the experimental conditions. Concomitantly, the 
peptide increased k1 and decreased k2. Generally, a decreased back reaction constant 
represents an increased stability of the product, namely the TAR59 structure. In addition to 
the stabilization effect, the increased rate constant k1 might indicate an acceleration of the 
refolding reaction, for example through accelerated annealing of the invading Cy3-TAR- 
strand with nucleotides in destabilized regions of the TAR31 hairpin. 




Figure 2.5.1.2: Tat(44-61) changes the equilibrium of TAR structures. (A) Simplified scheme 
of the experiment probing refolding from the TAR31 to the TAR59 structure: the TAR31 RNA was 
shortly heated to 95°C and snap-cooled in order to promote hairpin formation. Subsequently, the 
TAR- strand, which also forms a hairpin under these conditions, was added to start the reaction. 
Aliquots were drawn after different time points and the reaction was halted with Stop loading 
buffer. Importantly, the reverse reaction is too fast to be neglected. (B) Aliquots were immediately 
loaded onto a running native PAGE. Note that besides the three structures represented in the 
reaction scheme, small quantities of homodimers of the Cy5- and the Cy3-labeled RNA strands are 
present in the RNA structural ensemble (indicated by *). The gel was scanned and Cy5-fluorescent 
signals were quantified. (C) Equation by which the reaction can be described with cTAR31, t=0 being 
the concentration of TAR31 before the start of the reaction (= 50 nM) and the two reaction 
constants k1 and k2. (D) The fraction of TAR59 structure in the ensemble was calculated, averaged 
for three independent experiments, and plotted against time (n=3). (E) The fit of the curves 
(t ≤ 40 min) yielded the constants k1, k2 and the equilibrium constant K. 
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However, according to the kinetic cluster theory, the transition between 
interconvertible RNA structures is a compilation of many micro-pathways. The latter link 
related conformations of one structural cluster and the microstates of another cluster (see 
figure 2.5.1.3) (Zhang and Chen, 2003). Therefore, k1 and k2 sum up the constants of 
several different pathways that lead to the same result. Moreover, refolding reactions of 
even simple hairpins might consist of several steps involving intermediate structures. It is 
also probable that Tat(44-61) does not just change the magnitude of single rate constants, 
but that instead it modulates the actual mechanism of TAR refolding. For these reasons, an 




Figure 2.5.1.3: The constructed TAR RNA substrates form heterodimer, homodimers and 
monomeric structures that coexist in a dynamic equilibrium. Predicted structures were 
calculated using the Vienna RNA Package cofold algorithm (Bernhart et al., 2006; Gruber et al., 
2008) with the RNA parameters according to Andronescu et al. (2007). (A) As judged from native 
gels, the main structural species of the ensemble are the two hairpins formed by TAR31 and Cy3-
TAR-, and the heterodimer of the two sequences resembling the TAR59 structure. Additionally to 
these three structures, traces of the homodimers as well as species that are closely related to the 
three main structures were found (each less than 1%). Specifically, Cy5-TAR31 had the propensity 
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Tat(44-61) binds both TAR structures, but with different affinities 
As mentioned, the shift of the equilibrium constant as well as the decreased constant of 
the back reaction k2 indicate a preferential binding of the TAR59 structure by the Tat 
peptide. To test this, gel shift assays were carried out (figure 2.5.1.4). Due to the 
equilibrium between the three main coexisting structures it was not possible to separate 
them from each other. The binding constants were therefore determined simultaneously on 
the same gel with corrected RNA concentrations. Consequently, the measured dissociation 
constants and Hill factors have to be considered an approximation. Indeed, the dissociation 
constant for Tat peptide binding to TAR59 is about 10-fold higher than that determined for 
similar peptides (Long and Crothers, 1995). Another factor that probably decreases peptide 
binding to the TAR RNA is the missing loop in this study. Because the two base pairing 
ends are not linked through a loop, a certain probability for the last nucleotides switching 
between base paired and open conformations exists. Importantly, while Richter et al. 
(2006) did not detect a different binding behavior for full-length Tat towards TAR31 and 
TAR59, dissociation constants determined in this study indicate a tighter binding of 
Tat(44-61) to TAR59. This discrepancy is explicable with the group’s use of competition 
methods instead of dissociation constant determination. Furthermore, they used full-length 
Tat protein which might have different binding properties than the Tat peptide. As was 
mentioned earlier, both structures harbor a Tat binding site (figure 2.5.1.1). However, in 
TAR31 the important bulge region is followed by only three instead of four base pairs. All 
four of these base pairs were shown to contribute to the strength of the binding between 
Tat and TAR (Churcher et al., 1993). Another potential factor impairing binding of Tat(44-
61) to TAR31 is the changed loop position relative to the bulge as well as the different 
loop sequence which might perturb the normal bulge and helix structure.  
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Figure 2.5.1.4: Gel shift assay with the TAR structures and Tat(44-61). (A) Due to the 
coexistence of TAR59, TAR31 and Cy-TAR- structures, binding constants can be measured 
simultaneously. While TAR31 and TAR59 are clearly bound by the peptide, the Cy3-TAR- hairpin 
is not bound at the tested peptide concentrations. (B-D) The bands representing the bound and 
unbound structure were quantified and the fraction of bound RNA Θ was calculated. Data were fit 
to the binding equation in (B) with P0- total peptide concentration, R0- adjusted RNA 
concentration, KD- dissociation constant, h- Hill factor. 
 
In summary, Tat(44-61) shifts the equilibrium between TAR31 and TAR59 towards the 
biologically functional one in vitro through preferential binding of the latter structure. In 
vivo, this activity would support trans-activation of transcription by increasing the fraction 
of biologically functional TAR RNA. Theoretically, a threefold mix between preferential 
binding, change of refolding mechanism, and/or the acceleration of the refolding process 
by the Tat peptide is possible. I attempted to address this question using single amino acid 
mutants of the Tat peptide that have a reduced annealing activity compared to the wildtype 
(chapter 2.1). If these had bound the TAR structures with the same affinity as the wildtype 
peptide, direct conclusions about the role of the annealing activity could have been drawn 
from TAR refolding assays. However, all of the tested mutants had a much reduced affinity 
towards TAR59 and TAR31 (data not shown) so that this approach had to be abandoned. 
Potential future work could therefore aim at an intense analysis of the mechanism of TAR 
refolding as well as the peptide’s influence on each step. 
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2.5.2. Other potential native substrates of Tat’s RNA annealing and duplex stabilization 
activities 
 
As mentioned in chapter 2.5.1, the existence of Tat’s annealing acceleration and 
double-stranded RNA stabilizing activities raised the question as to whether these activities 
are of importance in connection to the interaction of the protein with its RNA substrates. 
Besides the TAR RNA a few other RNAs have been shown or suggested to interact with 
Tat (see chapter 1.5.1). This chapter considers potential targets for the above mentioned 
activities. It should be noted that the proposed roles of Tat’s annealing acceleration and 
double-strand stabilization within those cellular processes are speculative. This discussion 
is intended to serve as a starting point for further investigations concerning their 
implementation in a cellular context. 
 
Conservation of Tat’s basic amino acids 
The basic domain of Tat is highly conserved among the HIV-1 groups and subtypes 
(figure 2.5.2.1). Considering the relevance of every positively charged amino acid for the 
Tat peptide’s annealing acceleration activity it seems reasonable to scan the domain for 
basic residues in addition to the ones required for nuclear localization, TAR binding and 
transcriptional activation in order to deduce whether the annealing activity is of biological 
importance. Subramanian et al. (1991) found the motif R/K-X-X-R-R-X-R-R in position 
49- 56 of the protein, containing five basic amino acids of which four to five are arginines, 
to be sufficient for nuclear localization as well as trans-activation. Tao and Frankel (1993) 
reported an increase of TAR binding as well as trans-activation with the addition of every 
basic amino acid up to nine positively charged residues using peptides with just one 
arginine. Also, Deng et al. (2000) found a contribution of the lysines in positions 50 and 51 
to TAR binding as well as transcriptional activation and stressed the detrimental effect of 
mutating these two lysines to arginines. My results with gel shift assays in which I tested 
Tat(44-61)K7A and R14A which refer to mutations in K50 and R57 in the full-length 
protein support the latter results (data not shown). According to the motif determined by 
Subramanian et al. (1991) the amino acids in these two peptides are not important for 
trans-activation. However, the two peptides bound the TAR59 structure with a lower 
affinity than the wildtype peptide. In addition to its function as an NLS and in 
transcription, the basic Tat domain is important for export of the protein as well as for the 
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uptake by neighboring cells (Tasciotti et al., 2003). Thus, it is not possible to strictly 
separate amino acids necessary for transcriptional activation and other cellular functions 
from the ones important for RNA remodeling. Drawing conclusions about the importance 
of the protein’s annealing acceleration activity from the conservation of Tat’s basic domain 
is therefore problematic. 
 
 
Figure 2.5.2.1: The basic domain of HIV-1 Tat is highly conserved. Several thousand HIV-1 
Tat(48-57) sequences were obtained from the HIV Database and used for calculation of a 
consensus sequence with WebLogo 2.8.2 (Crooks et al., 2004; Schneider and Stephens, 1990). The 
heights of the different characters at each position indicate the relative occurrence of the respective 
amino acids. In almost 100% of the analyzed sequences, positions 48-52, 55 and 56 are occupied 
by the same amino acid. R, K, H in blue; G, C and P in black; S, T, N, Q in purple; A, V, I, L, M, 
F, Y, W in green; D, E in red. Domain borders according to Kuppuswamy et al. (1989), amino acid 
numbering according to reference strain HXB2. 
 
Disruption of P-TEFb - 7SK complex 
A potential target for Tat’s annealing and RNA double-strand stabilization activity is 
the small nuclear RNA 7SK which negatively regulates transcription of several cellular 
genes as well as transcription of the integrated HIV-1 genome (He and Zhou, 2011). 
Generally, 7SK acts as a scaffold for the interaction between the Positive Transcription 
Elongation Factor b (P-TEFb) and a HEXIM protein, usually HEXIM1 or 2. While free P-
TEFb, consisting of CyclinT and the kinase Cdk9, binds to promoter regions and hyper-
phosphorylates the C-terminal domain of Polymerase II, HEXIM specifically interacts and 
thus inhibits the Cdk9 within the 7SK – HEXIM – P-TEFb complex (Egloff et al., 2006; 
Michels et al., 2004; Yik et al., 2003). HIV-1 Tat sequesters the inactive complex to the 
HIV-1 promoter in a TAR RNA-dependent manner, disrupts both the interaction of P-
TEFb with 7SK and with the HEXIM, and thus lifts the inhibition of Cdk9 which activates 
transcription of viral genes (Barboric et al., 2007; Schulte et al., 2005; Sedore et al., 2007). 
While the exact mechanism for the displacement of 7SK and HEXIM from the complex is 
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still under debate, several groups found a direct interaction of Tat with the RNA (Krueger 
et al., 2010; Muniz et al., 2010; Sedore et al., 2007). Furthermore, recent studies changed 
the view of 7SK from being a rather rigid scaffold for protein interaction towards a flexible 
molecule that is more actively involved in the switch between the active and inactive P-
TEFb complex (Krueger et al., 2010; Lebars et al., 2010; Marz et al., 2009). Through the 
alignment of 79 7SK sequences from different organisms, Marz et al. (2009) were able to 
refine the structure proposed years ago by Wassarman and Steitz (1991). Most importantly, 
they found the region M2 that is close to the 5’ end to be highly flexible such that it has the 
propensity to form three different structures, partly by interacting with sequences that are 
located further downstream. Krueger et al. (2010) claimed that the original chemical 
probing data by Wassarman and Steitz (1991) as well as their own results were more 
compatible with the coexistence of two different 7SK structures instead of just one. They 
suggested that the free 7SK RNA adopts a different conformation than in its complex with 
HEXIM and thus must undergo structural reorganization during the disruption of the 7SK - 
HEXIM - PTEF-b complex. Indeed, Lebars et al. (2010) found rearrangement of base 
interactions within the M3 hairpin upon binding of the HEXIM arginine rich motif. With 
the help of NMR and SHAPE techniques they detected stabilization of some regions as 
well as the disruption of other base interactions. Although this notion is still speculative 
and further experimental evidence is necessary, these rearrangements might initiate or go 
hand in hand with structural changes in other parts of the 7SK RNA.  
Assuming that the 7SK RNA might be more flexible than originally proposed, the 
HIV-1 Tat protein could facilitate HEXIM and 7SK replacement by assisting refolding of 
7SK regions (figure 2.5.2.2 A). The Tat binding site within 7SK has also been the subject 
of controversy. While some groups have located it at the RNA’s 5’ end, close to or even 
overlapping with the interaction site of HEXIM (Krueger et al., 2010; Muniz et al., 2010; 
Sedore et al., 2007), other investigators have found the interaction with the 3’ hairpin that 
resembles the TAR RNA more likely (Durney and D'Souza, 2010; Egloff et al., 2006). 
Instead of only binding to one specific side, the protein might make contacts to more than 
one region, depending on the stage of 7SK refolding. 
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Figure 2.5.2.2: Potential biological functions of Tat’s annealing acceleration and duplex 
stabilization activities. (A) The activation of transcription through the Tat-TAR complex requires 
disruption of the 7SK snRNP. Tat might aid the disintegration of the complex by supporting 
structural rearrangements of the 7SK RNA. (B) Annealing of a tRNA primer to the primer binding 
site (PBS) of the HIV-1 RNA genome before virion packaging is a necessary step preceding 
reverse transcription. Through acceleration of this reaction, Tat could possibly increase efficiency 
of annealing and, thus, reverse transcription. (C) The PKR protein is activated via binding of 
foreign double-stranded RNA. By sequestering RNA, Tat might inhibit this activation. 
 
Reverse transcription 
Although Tat was shown to be crucial for reverse transcription of the viral genome 
several years ago (Harrich et al., 1997; Ulich et al., 1999), it is still not known during 
which step(s) of the process it is needed. Judging from mutation studies which 
demonstrated the indispensability of the first few amino acids of its N-terminus, Tat likely 
contributes to reverse transcription through interaction with certain protein factors. 
Furthermore, Tat’s basic domain also seemed to be important. This indicates that the 
protein’s annealing and/or its duplex stabilizing activity might assist reverse transcription 
through catalyzing one or more of the nucleic acid annealing events during the process. 
After infection of a host cell the virus must reverse transcribe its RNA genome 
(Telesnitsky and Goff, 1997). The double-stranded DNA so produced is integrated into the 
host genome before viral mRNA transcription and production of viral proteins starts. The 
first step of reverse transcription is the annealing of a host tRNALys molecule to the primer 
binding site (PBS) of the viral single-stranded RNA genome which primes the synthesis of 
a single-stranded DNA molecule. Importantly, the specific tRNA primer is already present 
in the virion, meaning it is provided by the virion producing cell (Jiang et al., 1993). Along 
with the viral genome and the primer, many other proteins and their precursors that 
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facilitate reverse transcription such as Reverse Transcriptase and Nucleocapsid (NC) 
protein are packaged into the viral particle (Chertova et al., 2006). Several steps are aided 
by the RNA chaperone NC during reverse transcription (Levin et al., 2010). These events 
involve the opening of stable RNA and DNA secondary structures as well as the annealing 
of specific RNA/DNA or DNA/DNA duplexes (Allain et al., 1994; Guo et al., 2000; Vo et 
al., 2009b; Wu et al., 1999). 
Contradictory evidence exists as to whether Tat is able to substitute for NC’s RNA 
chaperone activity in these processes. While Guo et al. (2003) and Kuciak et al. (2008) 
reported Tat’s general nucleic acid chaperone activity in vitro, meaning annealing as well 
as strand displacement activity, later studies found the Tat protein deficient in duplex 
destabilizing assays (Boudier et al., 2010; Wang et al., 2010). I was able to support the 
latter results with FRET-based and other chaperone assays (see chapter 2.1). Furthermore, 
it is still questionable whether and in which amounts Tat is packaged into virions. While 
earlier studies could not find any Tat inside mature viral particles (Harrich et al., 1997), 
Chertova et al. (2006) found approximately one molecule of Tat per virion. As was 
discussed in the earlier chapters, chaperone activity requires a high protein to nucleic acid 
ratio. Because the Tat protein is only produced after the viral genome has been integrated 
and viral particles don’t carry many molecules, the concentration of Tat protein during 
reverse transcription is most probably too small to support any refolding events. For these 
reasons, I consider it unlikely that Tat acts during the strand transfer events of reverse 
transcription. 
More likely, Tat might support annealing of the tRNA primer to the PBS shortly before 
packaging of the viral genome into virions (figure 2.5.2.2 B) (Hargittai et al., 2004; 
Kameoka et al., 2002). Although for primer annealing the highly structured tRNA needs to 
be unwound, a duplex destabilizing activity seems to be dispensable for the process. 
Hargittai et al. (2001) found an NC mutant lacking the protein’s zinc fingers that confer 
strand displacement activity to be active in primer annealing. Furthermore, polyLysine 
catalyzed the reaction which shows that annealing acceleration activity is sufficient. In 
case the timing of primer annealing allows for it (Isel et al., 2010), the Tat protein’s 
annealing activity could potentially play a role in this process. 
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Inhibition of PKR 
Another potential target for Tat’s RNA double-strand stabilization activity might be the 
RNA-activatable protein kinase (PKR). This cellular kinase is considered a key player in 
the cellular defense against viruses, and RNA as well as DNA viruses have developed 
strategies to inhibit its activity on different levels (Langland et al., 2006). PKR activation is 
mainly triggered by the presence of long (at least 40bp) double-stranded RNA duplexes, 
although a non-linear RNA containing extensive secondary and tertiary structures has also 
been reported to activate PKR (Ben-Asouli et al., 2002; Robertson and Mathews, 1996). 
As a result of RNA binding, PKR forms homodimers followed by auto-phosphorylation 
(Robertson and Mathews, 1996; Romano et al., 1998). The activated kinase is involved in 
the regulation of many proteins, but its best studied substrate is the eukaryotic transcription 
initiation factor eIF2. When phosphorylated, eIF2 inhibits general translation and thus 
virus protein production. Many viruses produce dsRNA binding proteins that circumvent 
PKR activation through the mere sequestration of dsRNA (Langland et al., 2006). There is 
evidence that HIV-1 Tat could work in a similar way as it was able to block RNA-
dependent PKR activation in an in vitro assay (Brand et al., 1997; Cai et al., 2000; Judware 
et al., 1993) (figure 2.5.2.2 C). However, compared to other viral proteins that harbor 
dsRNA binding domains and that bind double-stranded RNA with dissociation constants in 
the nanomolar range (Langland et al., 2006), Tat (just as its fragment Tat(44-61)) probably 
has a much lower dsRNA binding affinity. As such, its efficiency to deplete the dsRNA 
available for PKR activation remains questionable (see chapter 2.2). Indeed, Tat has been 
shown to prevent eIF2 phosphorylation through competition for PKR binding (Brand et al., 
1997; Cai et al., 2000). Additionally, phosphorylation of Tat was reported to increase its 
affinity for TAR RNA so that instead of inhibiting PKR activity, HIV-1 might make use of 
the anti-viral protein (Endo-Munoz et al., 2005). 
 
In summary, Tat’s annealing acceleration and double-strand stabilization activity might 
be important in refolding of the 7SK RNA during P-TEFb activation, primer annealing 
during reverse transcription, and other processes that have not (yet) been connected to Tat. 





3. Conclusions and future prospects 
 
Despite the fact that the RNA strand destabilizing activity of the Tat peptide as 
reported by Kuciak et al. (2008) and Guo et al. (2003) could not be reproduced, Tat(44-61) 
proved to be a valuable model system for the study of RNA annealing acceleration (chapter 
2.1). In retrospect, the lack of helix destabilization had already been hinted at in 
hammerhead ribozyme experiments carried out by Herschlag et al. (1994). A fragment of 
Tat was able to accelerate the rate of a single-turnover, but inhibited the multi-turnover 
reaction indicating that the peptide prevented the dissociation of ribozyme and products. 
Recent support for the lack of strand displacement activity of Tat came from Wang et al. 
(2010), who reported a Tat-dependent stabilization of non-specific DNA hairpins and from 
Boudier et al. (2010) who could not detect melting of a TAR DNA stem.  
So far, Tat(44-61) is the smallest known fragment of a naturally occurring protein that 
has annealing activity. The only peptides with a comparable size and activity are zinc-
finger-less Ncp7 variants (De Rocquigny et al., 1992). The detailed mutation analysis 
carried out with Tat(44-61) could support the hypothesis that basic amino acids account for 
the acceleration of annealing while other amino acid groups do not play a major role. 
Although the mechanism of annealing acceleration through influencing single-stranded 
RNA structure had been proposed before in theoretical terms (Nedbal et al., 1997b), it had 
never been shown experimentally to apply to a peptide. Thus, our findings broaden the 
spectrum of annealing acceleration mechanisms and help understand the annealing activity 
of other proteins, for example RNA chaperones. 
Some RNA chaperones were shown to decrease the melting temperature of a model 
RNA by preferential binding to single-stranded versus double-stranded RNA or DNA 
(chapter 2.3) (Herrick and Alberts, 1976; Urbaneja et al., 2002). This differential binding 
behavior is believed to be an integral part of RNA chaperoning activity. Prior to this 
project, it had not been shown that annealing acceleration is connected to duplex 
stabilization for proteins with annealing activity (see chapter 2.2). This is partly due to the 
fact that only very few pure annealer proteins have been studied to date. However, as with 
RNA chaperones, this connection might be a general one and might thus serve as a basis 
for classification of a protein as an RNA annealer protein or an RNA chaperone. As 
pointed out in chapter 1.4.2 in which the assays to probe for RNA annealing and chaperone 
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activity were explained, some of these techniques (e.g. the hammerhead or the tRNA 
primer annealing assay) can deliver equivocal results which hamper a clear distinction of 
the protein’s annealing and strand displacement activities. A less ambiguous way to 
distinguish these two activities might therefore be an assay testing for thermodynamic 
helix (de)stabilization in a more direct way. While in this work, UV melting was readily 
applicable to our peptide system, single-molecule force or single-molecule FRET might be 
more suitable for some proteins. 
Another interesting conclusion can be drawn from the results in chapter 2.2. I showed 
that duplex stabilization and annealing acceleration are connected, but not directly 
correlated. Seemingly, the peptide influences both the kinetics and thermodynamics in an 
almost independent way. This observation is especially valuable for the study of RNA 
chaperones that harbor additional annealing activity, because how the two activities are 
reconciled is still only poorly understood. The Tat peptide seems to be a good model 
system to gain further insights into the interplay of thermodynamic and kinetic influences. 
The E. coli protein and sequence-dependent RNA chaperone Hfq might be another 
valuable study object as its strand displacement can be switched off by using a GC-rich 
substrate (Sabine Stampfl, unpublished results). 
 
Although the entropy transfer model was already suggested a few years ago to explain 
the role of disordered regions in RNA chaperones (Tompa and Csermely, 2004), no work 
had been carried out to test it. A few studies have focused on the thermodynamic 
characterization of the RNA substrate during the interaction with Ncp7 (Bourbigot et al., 
2008; Cosa et al., 2006; Johnson et al., 2000), but the protein side had still not been 
considered. The NMR data on StpA presented here (chapter 2.3) show that an increase in 
RNA flexibility coincides with an increased rigidity of the protein, suggesting that an 
entropy transfer could at least partly account for the RNA chaperone activity of the protein. 
 
It is widely known that flexibility is a feature inherent to most RNA chaperones and 
annealer proteins. We have added a new perspective to this knowledge by describing 
RNA-chaperone/annealer interactions and the resulting structural changes within the RNA 
substrate with models borrowed from the ‘protein world’ (chapter 2.4). While tight binding 
starts with an encounter featuring transient interactions, progressing towards a transition 
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state and ending with the formation of a stable complex, an RNA chaperone and its 
substrate virtually never leave the collision phase. If the formation and disruption of the 
RNA duplex is considered a chemical reaction, an RNA chaperone or annealer protein can 
be considered a catalyst. However, these proteins challenge our understanding of the term 
‘catalysis’ as it usually involves the formation of tight and specific interactions. In our 
review, we elaborated the term ‘transient interactions’ in the framework of RNA structural 
remodeling, trying to create a better comprehension of the interplay between catalysis and 
weak binding. 
 
As a potential target for Tat’s annealing activity in vivo, the refolding of the TAR31 
into the TAR59 structure was identified (Richter et al., 2006). The Tat peptide supported 
this refolding event (chapter 2.5). However, this influence was largely due to the preferred 
binding of the peptide to TAR59, despite the presence of an almost identical Tat binding 
site within TAR31. Whether the peptide’s annealing activity played a role in this process 
could not be clarified within an appropriate time frame due to the complexity of the 
analysis. Other cellular and viral processes in which Tat’s annealing activity could be 
involved were discussed.  
A fact that needs to be considered is the strong metal ion dependence of the activity 
and the physiological ion concentrations present at the sites of the protein’s action. The Tat 
peptide’s annealing activity was inhibited considerably by MgCl2 and NaCl concentrations 
above 2 mM and 60 mM, respectively (chapter 2.1). The cellular concentrations of di- and 
monovalent ions are estimated to be within the same range for Mg2+ and about 10-fold 
higher in the case of monovalent ions (Cayley et al., 1991; Froschauer et al., 2004). 
Although the exact boundaries of action of the full-length protein are not known, Tat’s 
annealing activity might consequently be partly or completely suppressed inside the cell. If 
the idea of the presence of compartments with different chemical environments within the 
same cell is extended towards very small volumes, such as a volume comprising only a few 
interaction partners, an environment could be envisioned in which the salt concentration is 
low enough to allow for efficient annealing activity. 
 

Materials and methods 
161 




DEPC water   0.5 ml DEPC in 500 ml H2O 
Incubate with shaking for 12 h at room temperature; 
autoclave twice 
 
ELU buffer   10 mM MOPS-NaOH pH 6 
1 mM EDTA-NaOH pH 8 
250 mM NaOAc 
sterile filtered, stored at 4°C and in the dark 
 
RNA/DNA loading dye for denaturing PAGE (2x) 
    10 mM EDTA-NaOH pH 8 
in 95%(v/v) formamide 
 




0.2 mg/ml yeast tRNA 
 
TAR binding buffer (1x) according to Calnan et al. (1991) 
10 mM Tris-HCl pH 7.5 
70 mM NaCl 
0.2 mM EDTA-NaOHx pH 8 
5% glycerol 
 
TAR refolding buffer (1x) 50 mM Tris-HCl pH 7.5 
0.5 mM MgCl2 
10 mM NaCl 
 
Tat peptide buffer  30 mM Tris-HCl pH 7.0 
30 mM NaCl 
1 mM DTT 
 
TBE (10x)   890 mM Tris 
890 mM boric acid 
20 mM EDTA-NaOH pH 8 
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4.2. Nucleic acids and proteins 
 
Solid phase produced and fluorescently labeled RNAs and DNAs (table 4.2) were 
purchased from Eurogentec. The delivered freeze-dried nucleic acids were dissolved in 
sterile ddH2O or DEPC water and subjected to a freeze-thaw cycle to ensure complete 
solvation. Absorption at 260 nm was measured with a NanoDrop machine 






260      [4.1] 
 
(c- nucleic acid concentration, A260 nm- absorption at a wavelength of 260 nm, ε- extinction 
coefficients, l- path length). 
Extinction coefficients were calculated using the OligoCalc software available online 
(http://www.basic.northwestern.edu/biotools/oligocalc.html). Nucleic acid solutions were 
stored at -20°C (short term) or at -80°C (long term). Integrity was tested frequently using 
polyacrylamide gel electrophoresis.  
 
Table 4.2: Sequences of the RNA and DNA substrates used in chapters 2.2 and 2.5.1. Single 
nucleotide mutations in Cy5-TAR31 and Cy3-TAR- are highlighted in green, see chapter 4.5. 
Nucleic acid Sequence (5’-3’) 
Cy5-21R+ 5’-Cy5-AUG UGG AAA AUC UCU AGC AGU-3’ 
Cy3-21R- 5’-Cy3-ACU GCU AGA GAU UUU CCA CAU-3’ 
Cy5-21D+ 5’-Cy5-ATG TGG AAA ATC TCT AGC AGT-3’ 
Cy3-21D- 5’-Cy3-ACT GCT AGA GAT TTT CCA CAT-3’ 
Cy5-TAR31 5’-Cy5-GGG UCU CUC UGG UUA UAC CAG AUC UGA GCC U-3’ 
Cy3-TAR- 5’-Cy3-GCU CUC UGG AUA ACU AGG GAA CCC A-3’ 
 
Tat-derived peptides Tat(44-61) and Tat(44-61) scr1-3 were a generous gift from Peter 
Steinlein, Research Institute for Molecular Pathology (IMP) Vienna. Freeze-dried peptides 
were dissolved in DEPC water, aliquoted, freeze-dried and stored at -20°C. Prior to use 
they were dissolved in Tat peptide buffer. Dissolved peptides were stored for up to one 
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4.3. Gel purification of nucleic acids 
 
In case degradation of nucleic acids was observed, they were purified over a 
denaturing, usually 15% polyacrylamide gel (1x TBE, 8 M urea). Prior to loading, samples 
were mixed with RNA/DNA loading dye and heated to 95°C for two minutes. Minigels 
were run at room temperature at 150 V. For the purification of double-stranded RNA or 
DNA substrates used for example in UV melting studies, pre-annealed nucleic acids were 
loaded onto native gels (1x TBE) and run at 100 V and 4°C. 
Bands of interest were usually well visible due to the fluorescent labels. They were cut 
out and frozen at -20°C for 30 minutes to several hours to increase porosity. To elute the 
nucleic acid from the gel, the block was shaken at 1000 rpm in ELU buffer for four to 
fourteen hours at 4°C which was exchanged against fresh ELU buffer once. Buffer 
volumes containing the nucleic acid were pooled and nucleic acids were precipitated by 
adding three volumes of 100% ice-cold ethanol and incubating for 30 minutes to fourteen 
hours. The sample was centrifuged for 30 minutes at 4°C and the supernatant was 
discarded. For DNA a wash step with 70% ice-cold ethanol was introduced. Dried pellets 
were dissolved in autoclaved ddH2O or DEPC water. 
 
4.4. Melting curves 
 
Absorbances of gel-purified double-stranded RNA and DNA (A260nm ≈ 0.3) in 10 mM 
sodium cacodylate buffer pH 6.8 (HCl) with 0.5 mM EDTA and 10 mM NaCl at 260 nm 
were measured over a range of 25°C and 90°C using a Varian Cary 300 spectrometer and 
the Cary WinUV Thermal Software version 3.0. Heating and cooling rates were 0.3°C/min. 
The absorbance change of the buffer control over the applied temperature range was 
usually around 0.2. 
The recorded data were analyzed according to Mergny and Lacroix (2003). After 
subtraction of the buffer absorbance the upper and lower baselines B0(T) and B1(T) (figure 
4.4) were set manually. Melting temperatures were estimated with the help of a linear 
function running exactly between the two baselines B1(T) and B0(T) (figure 4.4): 
 ( ) bTaTM +⋅=      [4.2]. 
 
















−+=  [4.3] 
 
followed 





−=  and ( ) 11 TaTMb ⋅−=    [4.4]. 
 
The temperature at which M(T) cut the melting curve equaled the melting temperature of 
the duplex. 
The ratio of unfolded and folded molecules α was calculated for each temperature T 
using equation [4.5]. 
 ( ) ( )







1260α    [4.5] 
 
The first derivative dα / dT was calculated with GraphPadPrism under activation of the 
smoothing option (Savistsky-Golay model, 4th order polynomial, 12 neighbors on each 
side). 
 
Figure 4.4: Graphic calculation of the melting temperature Tm. M(T) that is equally spaced 
from the baselines B1(T) and B0(T) for any temperature T. 
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4.5. TAR refolding assays 
 
TAR refolding assays were carried out with the RNA substrates Cy5-TAR31 and Cy3-
TAR- that are described in chapter 2.5.1 and table 4.2. Both RNA sequences had been 
mutated in one nucleotide position each as compared to the reported sequences (Richter et 
al., 2006) in order to favor hairpin over homodimer formation. Before each experiment, the 
two RNAs were heated up to 95°C for 2 two minutes and snap cooled to ensure hairpin 
formation. Subsequently, Cy5-TAR31 RNA was pre-warmed at 37°C in reaction buffer 
(see below) in the presence or absence of 300 nM Tat(44-61). To start the reaction, pre-
warmed Cy3-TAR- was added to the reaction, samples were mixed and incubated at 37°C 
in the PCR machine in order to avoid condensation on the tube lids. End concentrations 
were: 50 nM of each RNA strand, 1x TAR refolding buffer and 300 nM Tat(44-61). As the 
Tat peptide tended to stick to the test tube wall, Eppendorf Protein LoBind tubes were 
used. 10 µl-aliquots were taken at defined time points, mixed with 2.5 µl 5x stop loading 
buffer and immediately loaded onto a running native gel (15% polyacrylamide in 1x TBE). 
Gels were run at 100V and 4°C over night and scanned with a Typhoon Trio fluorescent 
scanner. Cy5 signals were quantified using the ImageQuant 5.2 software. From the ratio of 
the Cy5- signals stemming from Cy5-TAR31 structure and the heteroduplex mimicking the 
TAR59 structure the TAR59 concentrations for each time point were calculated with 
 






tc    [4.6] 
 
(V- volume calculated through signal integration from the corresponding band, 
cTAR31, t=0 = 50 nM). 
As other structural species of the ensemble could be neglected the reaction was 
approximated to the following scheme: 
 
CBA +            [4.7]. 
 





kK =      [4.8] 
 
(k1 – forward reaction constant, k2 - constant for the back reaction). 
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The differential equation for the concentration of the product C is: 
 [ ] [ ] [ ] [ ]CkBAk
dt
Cd ⋅−⋅⋅= 21     [4.9]. 
 
With [A] = [B] and [A] = [A]t=0 –[C] it simplifies to 
 [ ] [ ] [ ]( ) [ ]CkCAk
dt
Cd
t ⋅−−⋅= = 2201    [4.10] 
 
and the integrated form is thus 
 
[ ]







Cdt     [4.11]. 
 
Integration of the right side yielded a rather complex solution including two arc tangent 
functions. Attempts to fit the experimental data to this equation using the GraphPadPrism 5 
software did not yield any reasonable values for R2. Thus, formula [4.11] was simplified to 
 
[ ]







Cdt      [4.12] 
 
assuming that [C] is much smaller than [A]t=0. [C] (cTAR59) was indeed around 0.1·[A]t=0 
(≈ 5 nM) for time points of t ≤ 40 min (in case peptide was present in the reaction). 
Integration of the simplified relation [4.12] yields 
 
( )tktTARTAR ekkcc ⋅⋅−= −⋅⋅= 222120,3159 1     [4.13]. 
 
In order to include the same amount of data points into the analysis for both cases (‘RNA 
only’ and ‘+ 300 nM Tat(44-61)), only (t, cTAR59) pairs for t ≤ 40 min were fit to 
equation [4.13] to obtain reaction rate constants k1 and k2.  
 
4.6. Binding assays 
 
To test Tat peptide binding to different RNA structures, Cy5-TAR31/Cy3-TAR- 
heteroduplex was purified with native PAGE as described under 4.3. However, a dynamic 
equilibrium exists between different RNA structures with TAR31, TAR59 and a hairpin 
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formed by Cy3-TAR- being the main species in the ensemble. Therefore, all three 
structures had to be tested for binding on one and the same gel. Consequently, the 
calculated binding constants cannot be considered as absolute values but are helpful to 
compare Tat peptide binding to the different structures. 
Binding reactions contained 50 nM of the TAR RNA mixture, 10-500 nM Tat(44-61) 
and 1x TAR binding buffer. After an incubation for 20 minutes at 37°C the samples were 
loaded onto a native 15% polyacrylamide gel (0.5x TBE) and run at 100 V and 4°C over 
night. The gels were scanned using a Typhoon Trio scanner and Cy5-signals were 
quantified with the ImageQuant 5.2 software. 
Importantly, a shift was visible for the TAR31 and the TAR59 structures at the applied 
conditions, but not for the Cy3-TAR- hairpin. Notably, incubation according to the above 
mentioned scheme yielded one distinct band shift for TAR59. When the samples were 
stored on ice for a few minutes before loading them onto the gel, however, a second band 
shift for TAR59 appeared. This indicates two Tat peptide molecules binding to the same 
RNA molecule. Indeed, evidence for both a binary and a ternary complex exist in the 
literature which is probably due to slightly different reaction conditions (Calnan et al., 
1991; Weeks et al., 1990). It was suggested that the first shift is due to peptide binding to 
the bulge while the second shift indicates non-specific binding in a different region of 
TAR. 





+=Θ     [4.14]. 
 
Mean values and standard deviations for Θ were calculated from three to four independent 
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(P0- total peptide concentration, R0- total RNA concentration, KD- dissociation constant, h-
Hill factor) 
to obtain the dissociation constant and Hill factor for which the sum of the deviations of 
the calculated from the measured values (the squared error SSerr ) was minimal. 
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(Θc- bound fraction calculated with varied values for KD and h). 
This more complex binding equation had to be used because the total RNA concentrations 
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premises a total RNA concentration R0 far below the dissociation constant and was thus 
not applicable to this system. 
Standard deviations of the determined dissociation constant and the Hill factor were 




SSKKSD errDD   ( ) 1−⋅= n
SShhSD err   [4.18] 
(n- sample size (15)). 
 
4.7. Alignment of sequences from HIV-1 Tat’s basic domain 
 
7361 Tat(48-57) sequences from patients infected with viruses from one of the known 
HIV-1 groups M, N, O or P were obtained from the HIV Database 
http://www.hiv.lanl.gov/content/index (date 8th July, 2011, amino acid numbering 
according to reference strain HXB2), and filtered according to patient sequence 
redundancy, length and inconsistent numbering. The logo was created using WebLogo 
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